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ABSTRACT 
 Cell death is a fundamental aspect of development and homeostasis; its 
dysregulation is commonly associated with disease. Historically, apoptosis has been the 
most heavily studied type of cell death, but there are many other non-apoptotic forms of 
cell death. The Drosophila ovary provides a powerful in vivo model to study non-
apoptotic cell death. Each egg chamber in the ovary contains 15 nurse cells that support 
an oocyte throughout development, and at the end of oogenesis the nurse cells are 
surrounded by stretch follicle cells and undergo non-apoptotic cell death. The work in 
this dissertation investigated the role of stretch follicle cells in nurse cell death. Genetic 
ablation of the stretch follicle cells revealed that they are required for multiple nurse cell 
death events including the transport of cytoplasm to the oocyte and DNA fragmentation. 
We found that phagocytic machinery is required in the stretch follicle cells for the 
acidification and elimination of nurse cells, suggesting nurse cells die by phagoptosis. 
Furthermore, live imaging and a transgenic engulfment detector demonstrated that nurse 
cells are not engulfed piece-wise despite the requirement of phagocytosis machinery, but 
are instead surrounded and acidified extracellularly. To determine the mechanism driving 
  vi 
nurse cell acidification, we performed a targeted RNAi screen against lysosome-
associated genes. Using tissue-specific RNAi, we demonstrated that the V-ATPase proton 
pump is required in the stretch follicle cells for nurse cell acidification. GFP fusion 
proteins and antibody staining revealed that V-ATPases become enriched and localize to 
the stretch follicle cell plasma membranes to acidify the nurse cells that they surround.  
Following acidification, the stretch follicle cells were found to release cathepsins, 
lysosomal proteases, to break down and degrade the nurse cell. To uncover novel pro-
death proteins that mediate signaling between the stretch follicle cells and nurse cells, we 
utilized proximity-dependent protein labeling and identified proteins enriched in the 
stretch follicle cells. Altogether this work uncovers a new role for lysosomal machinery 
acting at the plasma membrane of stretch follicle cells to drive nurse cell death, and 
identifies pro-death proteins in the stretch follicle cells that promote nurse cell death. 
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CHAPTER ONE 
Introduction 
  
 1.1 Cell death in development and disease 
Programmed cell death (PCD) is defined as cell death that occurs normally during 
development or to maintain cellular homeostasis. Programmed cell death falls under the 
umbrella of regulated cell death, which constitutes all cell death that is controlled through 
a precise molecular mechanism (Galluzzi et al., 2015, 2018). Examples of PCD in 
mammalian development include the sculpting of digits (Milligan et al., 1995), the 
hollowing out of the proamniotic cavity (Coucouvanis and Martin, 1995), the deletion of 
structures such as Müllerian duct regression in males (Roberts et al., 2002), and adjusting 
excess cell numbers such as neurons where up to 50% of some subtypes die throughout 
development (Figure 1.1) (Dekkers et al., 2013; Jacobson et al., 1997).  
Dysregulation of cell death can be harmful to an organism. For example, too 
much cell death is often associated with degenerative diseases such as Alzheimer’s 
disease (Nikolaev et al., 2009) and amyotrophic lateral sclerosis (ALS) (Pasinelli and 
Brown, 2006). A failure in cell death can be just as destructive, commonly associated 
with diseases such as cancer (King and Cidlowski, 1998), autoimmune 
lymphoproliferative syndrome (Worth et al., 2006),  and rheumatoid arthritis (Eguchi, 
2001). In the human body, an estimated 200-300 billion cells die every single day 
(Arandjelovic and Ravichandran, 2015). Much of this cell death has been assumed to be 
apoptotic; however, non-apoptotic forms of cell death have been identified and found to 
be physiologically relevant in development and disease.   
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Figure 1.1 – Roles of programmed cell death 
Diagram of programmed cell death in development and maintaining organismal 
homeostasis. Programmed cell death is involved in the sculpting of digits, deleting of 
structures, adjusting of cell numbers, and eliminating dangerous or injured cells.  
Adapted from (Jacobson et al., 1997).  
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1.2 Types of cell death 
Historically, apoptosis has been the most heavily studied form of cell death and 
the term has been erroneously used interchangeably with PCD (Kroemer et al., 2009), 
although apoptosis is just one form of PCD. There are dozens of other types of cell death; 
however, for simplicity they have been classified into 5 main classes - apoptosis, 
autophagy-dependent, necrotic, atypical, and non-cell autonomous cell death (Figure 1.2) 
(Martins et al., 2017). Each type of cell death is distinguished by the molecular 
machinery required to initiate and execute the cell death (Galluzzi et al., 2015). 
1.2.1. Apoptosis 
The term apoptosis was first used in 1972 and was initially characterized by a 
specific morphology as observed by electron microscopy (Kerr et al., 1972). The genetic 
components for apoptosis were first identified in Caenorhabditis elegans, where the cell 
lineage of every cell from embryo to adult is known (Sulston and Horvitz, 1977; Sulston 
et al., 1983). C. elegans mutants that prevent most of the developmental programmed cell 
death of the 131 cells that normally die were discovered, marking the beginning of the 
genetic characterization of apoptosis (Ellis and Horvitz, 1986; Hedgecock et al., 1983). 
These genes are referred to as cell death abnormal genes or “Ced”. Molecular analysis of 
C. elegans and mammalian cell death genes revealed evolutionary conservation of 
apoptosis.  In C. elegans, apoptosis is initiated when Egl-1 (homologous to mammalian 
BH3-only proteins) binds to Ced-9 (Bcl-2 family) to cause a conformation change, 
releasing Ced-4 (homologous to mammalian Apaf-1) (Conradt and Horvitz, 1998). Ced-4 
subsequently activates the caspase Ced-3 which executes apoptosis (Del Peso et al., 
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1998). Drosophila has a similar molecular program whereby a death stimulus activates 
IAP (inhibitor of apoptosis) antagonists, Reaper, Hid, and Grim (RHG).  RHG proteins 
bind to Diap1 (Drosophila Inhibitor of Apoptosis) (Goyal et al., 2000), which unleashes 
Dronc (homologous to mammalian caspase-9) to associate with Dark (Ced-4/Apaf-1), 
forming the apoptosome (Rodriguez et al., 1999; Yu et al., 2006). The apoptosome 
activates the effector caspases, Drice and Dcp-1 to execute apoptosis (Fraser and Evan, 
1997; Song et al., 1997). In mice, early reports suggested blocking apoptosis would not 
produce a viable animal and highlighted many failures in cell death throughout 
development. Further analysis has uncovered that mice can survive without apoptosis 
genes to adulthood (Lindsten et al., 2000) and some of the defects attributed to failures in 
cell death were actually a result of other developmental abnormalities or less severe than 
previously thought, with these mice having an appropriate number of neurons (Nonomura 
et al., 2013). Over the last decade many different types of cell death have been uncovered 
in a variety of model systems such as C. elegans, Drosophila, and mice. Some of these 
newly discovered forms of cell death are highlighted below.  
1.2.2 Autophagy-dependent cell death 
Autophagy-dependent cell death is another form of cell death where a cell utilizes 
its own lysosomal machinery to digest itself. This form of cell death is typically caspase-
independent and is associated with the presence of numerous large autophagic vacuoles 
(Galluzzi et al., 2018). The same molecular machinery utilized for macroautophagy is 
involved in this form of cell death. Briefly, autophagosomes encompass large amounts of 
cytoplasm and/or organelles. Autophagy requires four complexes encoded by distinct 
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groups of autophagy genes: first, the initiation complex composed of the Atg1 complex 
and its regulators (Stjepanovic et al., 2014), second, the phosphatidylinositol-3-kinase 
(PI3K) complex (including Atg6/Beclin 1) responsible for the formation of an isolation 
membrane or phagophore (also called vesicle nucleation) (Tooze and Yoshimori, 2010); 
third, the Atg8 (LC3 in humans) and Atg12 conjugation system which is required for 
autophagosome expansion (Xie et al., 2008); and fourth, the Atg9 (Noda et al., 2000), 
Atg2, and Atg18 proteins which are required for vesicle formation (Denton et al., 2015; 
Feng et al., 2014; Xu et al., 2015; Yorimitsu and Klionsky, 2005). Once formed, the 
autophagosome fuses with a lysosome and the contents are degraded (Galluzzi et al., 
2017). It has been suggested that autophagy-dependent cell death is used when large 
amounts of cell death occur such as in tissue remodeling (Debnath et al., 2005). For 
example, autophagy-dependent cell death has been well characterized in insect 
metamorphosis, specifically in the tissue remodeling or degradation of the Drosophila 
melanogaster midgut and salivary glands (Berry and Baehrecke, 2007; Denton et al., 
2009). In mammals, studies have demonstrated the involvement of autophagy-dependent 
cell death in tissue remodeling such as the regression of the corpus luteum in the ovary 
(Escobar and Echeverría, 2013). It is important to note that autophagy-dependent cell 
death should not be confused with autophagy that may occur in parallel with cell death 
(Galluzzi et al., 2018).  
1.2.3 Necrotic cell death 
Necrotic cell death is characterized by plasma membrane rupture, organelle 
swelling, and nuclear condensation (Kroemer et al., 2005). Over the last decade an effort 
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in the cell death community has been made to characterize cell death by biochemical or 
molecular pathways rather than morphological features (Galluzzi et al., 2012). Necrosis 
had routinely been regarded as a form of accidental cell death, but specific molecular 
components have been identified for a regulated form of necrosis in mammals called 
necroptosis (reviewed in (Linkermann and Green, 2014; Weinlich et al., 2017). Under 
typical conditions, tumor necrosis factor receptor 1 (TNFR1) recruits TNFR1-associated 
death domain protein (TRADD) and receptor-interacting serine/threonine protein kinase 
1 (RIPK1) and upon further activation complexes with FAS-associated death domain 
protein (FADD) to activate caspase 8 and drive apoptosis. However, in the absence of 
caspase 8 activity, RIPK1 instead complexes with RIPK3 to form the necrosome 
(Weinlich et al., 2017). The necrosome recruits mixed-lineage kinase domain-like protein 
(MLKL) which is phosphorylated by RIPK3. Upon phosphorylation, MLKL will 
oligomerize and translocate to the plasma membrane to disrupt membrane integrity 
(Wang et al., 2014). An in vivo role for necroptosis has been found to promote the 
degeneration of testes in aging male mice. Specifically, active MLKL was found in 
spermatogonial stem cells of aged male mice and normal degeneration of the testes was 
shown to be blocked by a chemical inhibitor of necroptosis (Li et al., 2017). None of the 
canonical core necroptosis-related genes have been identified in Drosophila.  
1.2.4 Atypical forms of cell death 
Other atypical forms of cell death exist such as ferroptosis, parthanatos, NETosis, 
lysosome-dependent cell death, and pyroptosis (Galluzzi et al., 2018). Each of these 
forms of cell death utilizes specific molecular machinery and executioner proteins to kill 
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a cell. For example, pyroptosis morphologically is characterized by cellular swelling as a 
result of large pores forming in the plasma membrane of a cell (Bergsbaken et al., 2009). 
In mice, pyroptosis can be activated by the caspase 1 inflammosome, lipopolysaccharide 
(LPS)-induced activation of caspase-4,-5,-11, or caspase 3 activity (Aachoui et al., 2013; 
Wang et al., 2017). Upon activation, these caspases activate gasdermin D (GSDMD) by 
cleaving the C-terminal repressor domain (Shi et al., 2015). The N-terminal cleavage 
product of GSDMD, which is sufficient to induce death upon overexpression alone, 
oligomerizes and localizes to the plasma membrane where it creates pores between 10-14 
nanometers in size (Ding et al., 2016; Shi et al., 2015). Pyroptosis occurs in response to 
bacterial invasion, where cytoplasmic LPS can directly bind and activate caspase 11 
leading to GSDMD activation and pyroptosis (Kayagaki et al., 2011, 2015; Shi et al., 
2014). Recent work in mice has demonstrated that chemotherapy drugs are sufficient to 
induce pyroptosis by activation of caspase 3. In this instance, gasdermin E (GSDME) is 
activated by caspase 3, causing pyroptosis, although in cells where GSDME is not 
expressed, apoptosis occurs instead (Wang et al., 2017). Blocking GSDME silencing in 
cancer cells makes them more susceptible to chemotherapy drugs. Inversely, the toxicity 
of chemotherapy drugs to other tissues can be decreased by inhibiting GSDME (Akino et 
al., 2007; Wang et al., 2017). Altogether, these atypical forms of cell death are currently 
being molecularly characterized which will allow for further understanding of their 
physiological contributions.  
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1.2.5 Non-cell autonomous cell death 
The final classification of cell death is non-cell autonomous cell death. In this 
class, a cell is responsible for the death of another nearby cell. Examples of this type of 
cell death include cellular cannibalism, phagoptosis, and entosis (Martins et al., 2017). In 
entosis, a cell physically invades a nearby cell, where it will either be destroyed by 
lysosomal proteases or escape out of the cell (Florey et al., 2011; Overholtzer et al., 
2007). Adherens junctions, Rho, and ROCK activity of the invading cell are required for 
this process. Additionally, the invading cell can replicate or escape the cell, which is 
unlike a phagocyte engulfing a dead cell (Overholtzer et al., 2007). In vitro, glucose 
starvation may induce entosis of cancer cells by activating AMPK in the invading cell, 
recycling nutrients from the weakest cells to support the strongest cells (Hamann et al., 
2017). Unlike entosis, phagoptosis requires phagocytic machinery in the phagocyte to 
engulf and degrade a nearby cell (Brown and Neher, 2012, 2014). Phagoptosis has been 
well characterized in vitro using neurons and microglia.  In co-cultures of neurons and 
microglia exposed to LPS or amyloid b, neurons respond by exposing “eat me” signals 
such as phosphatidylserine, initiating their phagoptosis by microglia (Neher et al., 2011; 
Neniskyte et al., 2011). This induced neuronal phagoptosis can be prevented by inhibiting 
phosphatidylserine recognition by blocking the bridging protein MFG-E8 or the 
vitronectin receptor on phagocytes (Fricker et al., 2012a). In Drosophila, overexpression 
of Draper, an engulfment receptor, is sufficient to drive phagoptosis of nearby cells 
(Etchegaray et al., 2012).
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Figure 1.2 – Types of cell death 
Examples of cells undergoing diverse types of cell death.  Apoptosis has historically been 
the most heavily studied form of cell death; however, there are many other forms of cell 
death. Cells can die through autophagy-dependent cell death, necrotic cell death, atypical 
forms of cell death, or by non-cell autonomous mechanisms such as phagoptosis. Within 
each of these forms are many subtypes with their own molecular pathways that can 
regulate cell death.   
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1.3 Clearance 
Billions of cells die in the human body every single day (Elliott and 
Ravichandran, 2016). To maintain cellular homeostasis, these dead cells must be 
appropriately cleared and replaced. Cellular corpses are cleared in a process called 
efferocytosis, which generally occurs in early stages of apoptosis, before the membrane 
integrity is lost (Arandjelovic and Ravichandran, 2015). Failure of efferocytosis leads to 
the persistence of apoptotic cells that proceed to secondary necrosis, releasing pro-
inflammatory damage-associated molecular patterns (DAMPs), lysosomal hydrolases, 
and other intracellular contents (Silva, 2010). 
A dying cell must first recruit a phagocyte by releasing “find-me” signals such as 
lysophosphatidylcholine (LPC) (Lauber et al., 2003), sphingosine-1-phosphate (S1P) 
(Gude et al., 2008), or fracktalkine/CX3CL1 (Truman et al., 2008). This “find-me” signal 
initiates the removal process by recruiting a nearby phagocyte to the dying cell (Medina 
and Ravichandran, 2016). The phagocyte subsequently recognizes the dying cell through 
“eat-me” signals such as phosphatidylserine (PtdSer), calreticulin, or intracellular 
adhesion molecule-3 (ICAM3) (Segawa and Nagata, 2015). Meanwhile, healthy cells 
express “don’t-eat-me” signals such as CD47 and CD31 which inhibit phagocyte 
activation (Arandjelovic and Ravichandran, 2015).  
Phagocytes have well characterized engulfment pathways which recognize the 
“eat-me” signals and promote engulfment (Reddien and Horvitz, 2004). Briefly, the 
phagocyte recognizes the “eat-me” signals through engulfment receptors and promotes 
internalization. This process has been best characterized in C. elegans and is composed of 
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two parallel pathways: the ced-1,6,7 and ced-2,5,12 pathway which both converge on 
ced-10 to promote actin reorganization (Kinchen et al., 2005).  
After recognition and internalization, the phagocyte degrades the engulfed content 
through the recently characterized LC3-associated phagocytosis (LAP) pathway. LAP 
utilizes much of the same machinery as autophagy, but does not require the initiation 
complex and requires the protein Rubicon (RUN) to create a LAPosome (a LC3 
associated phagosome) which subsequently fuses with a lysosome for degradation (Green 
et al., 2016; Martinez et al., 2015). LAP enhances the accumulation of LC3 which occurs 
in ~10 minutes, compared to LC3 accumulation in autophagosomes that takes several 
hours. It is unclear if LAP is required for all corpse processing; however, it is notable that 
inhibition of LAP in immune cells of mice mimics the phenotype of mice deficient for 
the phagocytosis receptor Tim4 (Bandyopadhyay and Overholtzer, 2016; Rodriguez-
Manzanet et al., 2010).  
The human body contains many professional and non-professional phagocytes 
that respond to these signals and clear dying cells (Figure 1.3) (Arandjelovic and 
Ravichandran, 2015). Professional phagocytes such as macrophages, dendritic cells, and 
microglia have a high capacity for engulfment. Non-professional phagocytes are less 
efficient at corpse clearance, but are necessary for clearance in tissues that are not easily 
accessible or highly populated by professional phagocytes, such as airway epithelial cells 
in the lungs or mammary epithelial cells (Arandjelovic and Ravichandran, 2015). The 
failure of any of the steps of efferocytosis (recruitment of phagocytosis, recognition, 
engulfment, or processing/degradation) can lead to disorders such as atherosclerosis, 
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lupus, or rheumatoid arthritis (Green et al., 2016). Altogether, efferocytosis is an 
important final step of cell death. 
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Figure 1.3 – Phagocytes throughout the human body 
Examples of tissues with different types of phagocytes.  Resident professional and non-
professional phagocytes normally reside in many of the tissues and organs throughout the 
human body. These phagocytes function to remove dead cells and other debris. Modified 
from (Arandjelovic and Ravichandran, 2015). 
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1.4 Phagoptosis  
 The boundary between cell death and clearance is not always clear. Phagoptosis is 
an excellent example of the dual roles of phagocytosis machinery in both clearance and 
cell death. As mentioned in Section 1.2, phagoptosis is a non-cell autonomous type of 
cell death where the phagocytosis machinery of one cell is required for the death of a 
nearby cell (Figure 1.4). An important distinction between clearance of dead cells and 
phagoptosis is that phagoptosis kills stressed but viable cells (Brown and Neher, 2012). 
Phagoptosis has been proposed to contribute to some cell death in retinitis pigmentosa 
(Zabel et al., 2016; Zhao et al., 2015), ALS (Liu et al., 2012), Parkinson’s disease (Barcia 
et al., 2012), and neuronal cell death after a stroke (Lana et al., 2017; Neher et al., 2013).  
The molecular machinery for phagoptosis is not well understood and the majority 
of the research on phagoptosis has been performed in vitro (Barcia et al., 2012; Fricker et 
al., 2012b; Hornik et al., 2016; Métayer et al., 2017; Neher et al., 2011; Neniskyte et al., 
2011, 2016; Rodríguez et al., 2017). Phagoptosis, like efferocytosis, has a recognition, 
internalization, and degradation step. The majority of work performed on understanding 
phagoptosis has been to understand how a phagocyte recognizes a stressed cell (Figure 
1.5). It is unclear how phagoptosis promotes the death of a nearby cell. 
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Figure 1.4 – Model of phagoptosis in neurons  
Diagram of neuron phagoptosis by microglia.  Phagoptosis is a non-cell autonomous type 
of cell death where one cell utilizes phagocytosis machinery to eliminate a nearby cell. A 
well-established example of phagoptosis is microglia (blue cell) acting as “killer cells” to 
eliminate stressed but viable neurons (green cell). The stressed neurons expose reversible 
“eat-me” signals (red dots) and are eliminated by the phagocyte. In the absence of the 
phagocyte, the neurons can reinternalize the “eat-me” signals. Adapted from (Brown and 
Neher, 2014). 
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Figure 1.5 – Phagoptosis pathway in neurons 
Diagram of phagoptosis machinery in microglia and neuron. Cellular stress can induce 
phosphatidylserine exposure on neurons by lowering ATP or activating TMEM16, which 
associates with opsonins (MFGE8 or GAS6) to facilitate the recognition by phagocytic 
receptors (VNR or MERTK). Additionally, complement factors C1 or C3 can also act as 
opsonins to facilitate the reaction to CR3, inducing internalization.  Microglial activation 
by TLR ligands, TNF-a, or amyloid-b induce neuronal stress by releasing reactive 
nitrogen species (RONS). Figure from (Fricker et al., 2018). 
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1.5 Lysosomes  
 Lysosomes are acidic organelles known for their role in recycling and degradation 
of old materials in the cell; however, they have many other functions. Lysosomes contain 
about 50 acidic hydrolases and have over 25 lysosomal membrane proteins which are 
integral to lysosomal function (Lübke et al., 2009; Settembre et al., 2013). Lysosomal 
genes contain a coordinated lysosomal expression and regulation (CLEAR) motif which 
is recognized by the transcription factor TFEB; overexpression of TFEB is sufficient to 
induce lysosomal biogenesis (Sardiello et al., 2009). TFEB is regulated by mechanistic 
target of rapamycin complex 1 (mTORC1), which phosphorylates TFEB, sequestering it 
into the cytoplasm.  
1.5.1 Lysosomal hydrolases 
The majority of the acidic hydrolases (glycosidases, proteases, lipases, nucleases, 
phosphatases, sulfatases) are translated in the endoplasmic reticulum and are trafficked 
through the golgi where they are modified with mannose 6-phosphate (M6P) residues to 
direct localization to the lysosomes; a few of these proteins take an alternative M6P 
independent pathway to the lysosome (Braulke and Bonifacino, 2009; Coutinho et al., 
2012). Dysfunction or absence of any of these acidic hydrolases leads to an accumulation 
of the macromolecule the acidic hydrolase was meant to degrade and is the cause of the 
many types of lysosomal storage diseases.  
One important class of acidic hydrolases that have been heavily studied are 
cathepsins. In humans, the cathepsin family is composed of 2 serine proteases, 2 aspartic 
proteases, and 11 cysteine proteases (Table 1.1) (Stoka et al., 2016). These cathepsins 
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differ in expression and tissue specificity. For example, cathepsin K is highly expressed 
in osteoclasts were it is necessary for bone resorption (Drake et al., 1996).  Cathepsins are 
translated as inactive proenzymes and are usually activated by autocatalytic activity or 
another mature cathepsin (Stoka et al., 2016). Although cathepsins are usually in 
lysosomes, they can also be secreted to degrade the extracellular matrix; a phenomenon 
commonly associated with invasive cancers (Sevenich and Joyce, 2014).  Additionally 
Cathepsin B functions at the plasma membrane of cytotoxic T cells and natural killer 
cells to inhibit autolysis and in some cell types Cathepsin L has been found to localize to 
the nucleus to regulate a cell cycle transcription factor (CDP/Cux) or to process histones 
during embryonic stem cell differentiation (Duncan et al., 2008; Goulet et al., 2004).  
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Serine Proteases Cathepsin A 
 Cathepsin G 
Aspartic Proteases Cathepsin D 
 Cathepsin E 
Cysteine Proteases Cathepsin B 
 Cathepsin C 
 Cathepsin L 
 Cathepsin F 
 Cathepsin H 
 Cathepsin K 
 Cathepsin O 
 Cathepsin S 
 Cathepsin V 
 Cathepsin X 
 Cathepsin W 
 
Table 1.1 – Cathepsins in humans 
A list of serine, aspartic, and cysteine cathepsins in humans. Adapted from (Stoka et al., 
2016). 
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1.5.2 Lysosomal membrane proteins 
The most prevalent lysosomal membrane proteins are lysosome-associated 
membrane protein 1 and 2 (LAMP1 and LAMP2) suggested to be required for lysosomal 
trafficking; lysosomal integral membrane protein 2 (LIMP2) a receptor which directs 
nascent hydrolases to the lysosome; and the tetraspanin CD63, which likely is involved in 
directing transport of other proteins to the lysosome (Saftig and Klumperman, 2009).  
Vacuolar H+-ATPases (V-ATPases) are another important class of lysosomal 
membrane proteins. V-ATPases have 13 different subunits comprising the V0 (membrane 
bound) and V1 (cytoplasmic) domains. Tissue specific isoforms determine localization of 
the V-ATPase (Figure 1.6). V-ATPases utilize ATP to pump hydrogen ions across a 
membrane to regulate pH (Forgac, 2007; Stransky et al., 2016). V-ATPase assembly is 
regulated by the RAVE complex (regulator of the ATPase of vacuolar and endosomal 
membranes) and assembly is driven by PI3-K activity (Liberman et al., 2014).  V-
ATPases are commonly associated with lysosomes; however, they are also found at the 
plasma membrane of some specialized cells. V-ATPases reside on the plasma membrane 
of epididymal clear cells in the testis to regulate pH of sperm, of osteoclasts to acidify 
and breakdown bone, of tumor cells to weaken the extracellular matrix, and of renal 
alpha-intercalated cells to regulate systemic pH (Figure 1.7) (Forgac, 2007).  
Along with V-ATPases, chloride channels are also vital for the acidification of 
lysosomes (Graves et al., 2008). Humans have 9 different chloride channel (ClC) genes 
which are each tissue and organelle specific, with specific chloride channels on 
endosomes, lysosomes, and plasma membranes (Jentsch et al., 2002). CLCN7 encodes 
  
21 
the chloride channel (ClC-7) that localizes to the plasma membrane in osteoclasts and is 
required for efficient bone remodeling. CLCN7 knockout mice have severe osteoporosis 
and die after 6-7 weeks (Figure 1.8) (Kornak et al., 2001; Lange et al., 2006). 
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Figure 1.6 – V-ATPase model 
The V-ATPase is composed of the V0 and V1 domains. The V0 domain contains 5 
different subunits (a, c, c’’, d, e) and is integral to proton transport across the membrane. 
The V1 domain contains 8 different subunits (A, B, C, D, E, F, G, H) and is responsible 
for ATP hydrolysis and rotation. Figure from (Forgac, 2007). 
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Figure 1.7 – V-ATPases on the plasma membrane 
V-ATPases (blue-yellow complexes) reside on the plasma membrane of the indicated 
specialized cells.  Acidification indicated in red. (A) V-ATPases on the plasma 
membrane of renal alpha-intercalated cells to regulate systemic pH. (B) V-ATPases on 
the plasma membrane of epididymal clear cells maintain pH for sperm. (C) V-ATPases 
on the plasma membrane of osteoclasts contribute to the acidification and remodeling of 
bone. (D) V-ATPases on the plasma membrane of tumor cells extracellularly acidify the 
ECM and the acidic environment contributes to cathepsin activity to weaken the ECM. 
Figure from (Forgac, 2007).  
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Figure 1.8 – Model of bone degradation by osteoclasts 
avb3 integrins mediate the attachment of osteoclasts to bone. V-ATPases and chloride 
channels (CLCN7) are targeted to the plasma membrane. Together, these proton pumps 
extracellularly acidify bone.  Osteoclasts release cathepsins (yellow pacmen) to degrade 
bone extracellular matrix. This process is critical for bone remodeling.  
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1.5.3 Lysosomes in cell death 
Lysosomal-dependent cell death has recently been recognized as a form of cell 
death, driven by lysosome membrane permeabilization (LMP) and release of cathepsins 
into the cytoplasm (Galluzzi et al., 2018). LMP can be induced by a variety of factors 
such as lysosomotropic agents (such as sphingosine), reactive oxygen species (ROS), and 
some bacterial or viral proteins (Bewley et al., 2014; Denamur et al., 2011; Galluzzi et 
al., 2018; Serrano-Puebla and Boya, 2018). Mammary gland involution is caused by LMP 
as Stat3 upregulates cathepsin expression and promotes phagocytosis of milk fat globules 
(Kreuzaler et al., 2011; Sargeant et al., 2014). The milk fat globules are metabolized into 
free fatty acids, specifically oleic acid accumulates in these cells and oleic acid 
permeabilizes lysosomes, inducing LMP (Figure 1.9) (Sargeant et al., 2014). As 
mentioned previously in 1.2.4, lysosomes also act as the executioner in entosis 
(Overholtzer et al., 2007). 
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Figure 1.9 – Lysosomal membrane permeabilization (LMP) in mammary gland 
involution 
A diagram of mammary gland involution, where the epithelial cells phagocytose milk fat 
globules (MFGs) (dependent on Stat3). As MFGs are digested with lysosomes, oleic acid 
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- a product from MFG digestion, accumulates and destabilizes lysosomal membranes. 
Stat3 activity blocks cathepsin inhibitor expression (Spi2a) and cathepsins that have been 
released from the lysosomes induce cell death. Figure from (Krishna and Overholtzer, 
2014). 
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1.5.4 Lysosomal dysfunction in disease 
Lysosomal dysfunction is associated with many conditions and diseases in 
humans such as aging, lysosomal storage diseases, and Parkinson’s disease. Throughout 
aging, cells are exposed to or create ROS leading to misfolded and oxidized proteins. 
Additionally, the increase in ROS has been proposed to be the reason for decreased 
lysosomal membrane stability (as mentioned previously, ROS leads to LMP) and 
impaired lysosomal trafficking (Reeg and Grune, 2015). In Parkinson’s disease, aberrant 
a-synuclein processing and accumulation is proposed to play a major role in the toxicity 
of cells (Stefanis, 2012). a-synuclein accumulation decreases lysosomal function by 
disrupting hydrolase trafficking to lysosomes (Mazzulli et al., 2016). Additionally, a-
synuclein overexpression in mice models leads to cytoplasmic sequestration of TFEB, a 
transcription factor involved in lysosomal biogenesis (Decressac et al., 2013). 
Interestingly, lysosomal depletion has been observed in models of Parkinson’s disease 
(Dehay et al., 2010). Finally, absence or dysfunction of any of the lysosomal hydrolases 
leads to accumulation of macromolecules that fail to be degraded resulting in a lysosomal 
storage disease (Ferreira and Gahl, 2017). 
1.6 Cell death in the Drosophila testis likely involves lysosomes 
The Drosophila testis offers an excellent opportunity to study a non-apoptotic 
form of cell death. The Drosophila testis are composed of two testes, each is in the shape 
of a coiled tube. The apical tip of the tube houses the stem cell niche which produces 
spermatogonial cysts, each composed of 16 spermatogonial cells (or spermatocytes) 
surrounded by 2 cyst cells (Fuller, 1993). 20-30% of spermatogonial cysts undergo PCD 
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(Yacobi-Sharon et al., 2013). The surviving spermatogonial cysts continue to develop 
through spermatogenesis by undergoing meiosis and subsequently differentiating to 
create 64 elongated spermatids. The spermatids undergo nuclear condensation and expel 
most of their cytoplasm into a “waste bag” (Fuller, 1993).  Interestingly, caspases do 
have a non-apoptotic role in sperm development, where caspase activity is required for 
the removal of cytoplasm (Arama et al., 2003).  The spermatids continue to mature and 
are released from the basal end of the testis into the seminal vesicle (Fuller, 1993).  
The 20-30% of spermatogonial cysts in Drosophila that undergo PCD do not have 
detectable caspase activation and inhibition of caspases by overexpression of p35 or 
Diap1 leads to an increase in spermatogonial cyst cell death (Yacobi-Sharon et al., 2013). 
Yacobi et al. performed a genetic screen and found the mitochondrial serine protease 
Htra2/Omi to be necessary for spermatogonial cyst cell death. Further analysis 
demonstrated the protease activity, and not the signaling activity of Htra2/Omi is 
required, although it is unclear what direct role Htra2/Omi is performing in these dying 
spermatogonial cysts (Yacobi-Sharon et al., 2013). Drosophila Bcl-2 like proteins – 
Debcl and Buffy are also required, likely for the release of Htra2/Omi from the 
mitochondria (Yacobi-Sharon et al., 2013) 
Morphological examination of spermatogonial cyst cell death by electron 
microscopy shows cells that exhibit apoptotic hallmarks such as cellular shrinkage and 
chromatin condensation but nuclei are also increasingly crenellated and maintain nuclear 
membrane until late stages of degradation (Yacobi-Sharon et al., 2013). A recent report 
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has raised the possibility that spermatogonial cyst cell death may be necrotic, based on 
morphological examination and propidium iodide staining (Napoletano et al., 2017). 
Disruption of autophagy by blocking Atg8, Atg7, or Atg1 did not have any effects 
on spermatogonial cyst cell death (Yacobi-Sharon et al., 2013). Although, disruption of 
lysosomal trafficking proteins deep orange (dor) and carnation (car) as well as lysosomal 
hydrolases cathepsin D (cathD) and acid DNase II (dnaseII) led to a decrease in 
spermatogonial cyst cell death. Additionally, LysoTracker staining show the entire dying 
cyst becoming acidic, suggesting an important role for lysosomes in the execution of 
spermatogonial cyst cell death (Yacobi-Sharon et al., 2013). Further work characterizing 
the molecular pathway and potential role of lysosomes should be done to better 
understand this alternative cell death pathway.   
1.7 Drosophila ovary as a model for phagoptosis 
The Drosophila ovary is an excellent model for the study of PCD. Each ovary is 
composed of about fifteen ovarioles containing progressively developing egg chambers. 
Each egg chamber consists of fifteen nurse cells connected to the oocyte through 
intercellular bridges as a result of incomplete cytokinesis. Additionally, each individual 
egg chamber is surrounded by an epithelial layer of follicle cells. Throughout 
development, the nurse cells generate proteins, organelles, and RNA to transport into the 
oocyte. There are fourteen distinct stages of oogenesis which end with a fully developed 
egg that can be fertilized and laid (Figure 1.10). The Drosophila ovary is a closed system 
without macrophages to clear corpses and thus requires non-professional phagocytes 
(King, 1970; Spradling, 1993).  
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Of particular interest, the nurse cells undergo several specialized events before 
dying and being cleared in late oogenesis. The mechanism of this developmentally 
regulated cell death is highly reproducible and occurs in every egg chamber that fully 
develops – for every fully developed egg, all 15 nurse cells die. At stage 10B-11, a 
cytoplasmic actin network surrounds each individual nurse cell nucleus as each cell 
transfers their cytoplasmic contents into the oocyte through a mechanism termed 
“dumping” which is complete by stage 12 (reviewed in (Guild et al., 1997; Hudson and 
Cooley, 2002)).   
Following dumping, the nurse cell nuclei begin to condense asynchronously from 
stage 12 to 13 (Nezis et al., 2000). LysoTracker puncta surround the nurse cells in stage 
12 and entire nurse cell nuclei become acidified in stage 13 (Bass et al., 2009). Acridine 
orange and TUNEL-positive nurse cell nuclei begin to become apparent in late stage 12 
and by stage 13 the majority of nurse cell nuclei stain for acridine orange or TUNEL 
(Cavaliere et al., 1998; Foley and Cooley, 1998; McCall and Steller, 1998; Nezis et al., 
2000).   
Early reports suggested that nurse cells undergo apoptosis (McCall and Steller, 
1998; Nezis et al., 2000); however, further examination has demonstrated that apoptosis 
does not play a major role in nurse cell death. Specifically, nurse cells die normally even 
if they are lacking the canonical apoptosis inducers (reaper, hid, grim), caspase initiators 
(dronc or strica), or if apoptosis inhibitors (p35, Death-associated inhibitor of apoptosis 
protein 1 [Diap1]) are overexpressed (Baum et al., 2007; Foley and Cooley, 1998; 
Peterson et al., 2003). Moreover, even the combined inhibition of apoptosis and 
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autophagy does not prevent nurse cell death (Peterson and McCall, 2013). These findings 
suggest that nurse cells die by another cell death mechanism.  
The ovary is a closed system with no access to professional phagocytes, thus 
degenerating egg chambers are cleared by the surrounding follicle cells (King, 1970). 
There are 5 types of follicle cells: border, centripetal, main body, posterior terminal, and 
stretch follicle cells which begin to differentiate between stages 5-6 (Horne-Badovinac 
and Bilder, 2005). Of particular interest, during stage 9 follicle cells begin to migrate to 
the posterior side of the egg chamber and transition from cuboidal to columnar; 
meanwhile, the remaining 50 follicle cells on the anterior side of the egg chamber 
transition from cuboidal to squamous (called stretch follicle cells) to cover all 15 nurse 
cells (Horne-Badovinac and Bilder, 2005). Between stages 11 and 12, the stretch follicle 
cells completely surround and encompass the individual nurse cells (Timmons et al., 
2016). 
 In normal egg chambers, the first nurse cell death event is nuclear membrane 
permeabilization at the end of stage 10, measured by a nuclear b-galactosidase which 
leaks out of the nuclei prior to dumping (Cooley et al., 1992). Following this, Draper, an 
engulfment receptor becomes enriched on stretch follicle cell membranes at stage 11 and 
strongly accumulates by stage 12 (Timmons et al., 2016). In stage 12 acidic vesicles, 
labeled by LysoTracker, can be found in the stretch follicle cells (Timmons et al., 2016). 
Additionally, JNK signaling is activated in the stretch follicle cells during stage 12 
(Timmons et al., 2016). By stage 13 the nurse cells become completely acidified, nurse 
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cell nuclear architecture is degraded, and DNA is fragmented. By stage 14 all nurse cells 
are completely cleared (Timmons et al., 2016).  
Recent work from our laboratory has demonstrated the requirement of engulfment 
genes (draper, ced-12, eato, a-PS3, bPS, or the JNK pathway) in stretch follicle cells. 
Disruption of these genes block multiple cell death events including nurse cell 
acidification, DNA fragmentation and clearance (Santoso et al., 2018; Timmons et al., 
2016, 2017). Blocking the ABCA transporter Eato in stretch follicle cells additionally 
disrupts some of the follicle cells from completely surrounding the nurse cells (Santoso et 
al., 2018). However, knockdown of draper or ced-12 does not block stretch follicle cells 
from completely surrounding the nurse cells, but does block nurse cell acidification 
(Timmons et al., 2016). Draper is required for autophagy-dependent cell death in the 
salivary gland of Drosophila, suggesting a link between Draper and lysosome genes 
(McPhee and Baehrecke, 2010). Interestingly, lysosomal trafficking genes, spinster and 
deep orange, are required for nurse cell death (Bass et al., 2009; Nakano et al., 2001; 
Timmons et al., 2016). 
Altogether, it is likely that the direct contact of stretch follicle cells with the nurse 
cells and the lysosomal machinery of the stretch follicle cells drive nurse cell death 
through phagoptosis. Nurse cell phagoptosis serves as an efficient and precise mechanism 
to both kill and clear a group of cells after their developmental duties are complete 
without harming the nearby oocyte (Figure 1.11).  
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Figure 1.10 – An ovariole from the Drosophila ovary 
A model of the 14 stages of oogenesis in the Drosophila ovary. Fifteen polyploid nurse 
cells are surrounded by follicle cells. Between stages 10 and 14 the nurse cells are 
surrounded by a subset of follicle cells called stretch follicle cells, as the nurse cells die 
and are cleared by stage 14. Figure from Alla Yalonetskaya.  
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Figure 1.11 – Model of nurse cell phagoptosis 
In late stages of oogenesis, the stretch follicle cells (green) surround a nurse cell remnant 
(blue and red). The engulfment receptor (Draper), ABCA transporter (Eato), integrins 
(aPS3 and bPS), Ced-12, the JNK pathway, and corpse processing machinery (Rab35 
and Dor) are required in the stretch follicle cells for nurse cell death and removal.  Figure 
modified from (Timmons et al., 2016). 
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1.8 Thesis rationale 
Cell death is a fundamental process for development of an organism and in 
maintaining homeostasis. Historically, apoptosis has been the most studied form of cell 
death and is often referred to as PCD. Work over the last decade has uncovered many 
other cell death modalities that are also important in development and commonly 
dysregulated in disease. Recent work suggests apoptosis likely isn’t the most prevalent 
form of cell death in the human body, providing a need to understand non-apoptotic 
forms of cell death.  
Cell clearance, following death, is necessary as persisting dead cells will release 
cytotoxic cytokines driving inflammation and leading to disease. The boundary between 
death and clearance is often difficult to delineate. To compound the problem, a new type 
of cell death, phagoptosis, is a type of cell death where the phagocytosis machinery 
required for clearance is required and likely promotes the cell death. To better understand 
cell death and clearance, I investigated developmental programmed nurse cell death in 
the Drosophila ovary.  
The goal of this dissertation is to determine the molecular machinery required for 
nurse cell death and understand the mechanisms of non-autonomous cell death. 
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CHAPTER TWO 
Materials and Methods 
 
2.1 Drosophila stocks and fly husbandry 
 All flies were obtained from Bloomington Stock Center, FlyORF, Vienna 
Drosophila Resource Center, or other laboratories in the Drosophila community (see 
Table 2.1). UASp-pHRed and UASt-HRP-KDEL were generated in our lab (see Chapters 
4 and 6, respectively for additional information on these constructs). The cloning and 
analysis of UASt-HRP-KDEL was done with the assistance of undergraduates Anthony J. 
Ortega and Yuanhang Zhang. Briefly, the P element vector with UASp-pHRed or UASt-
HRP-KDEL was injected into embryos for P-element transformation by BestGene 
(Chino Hills, CA). Red eyed transgenic flies were selected and crossed to balancer 
stocks. GR1-GAL4 (gift from Dr. Trudi Schüpbach) was utilized to drive expression in 
follicle cells, PG150-GAL4 (gift from Dr. Ellen LeMosy) was used to drive expression in 
stretch follicle cells, and NGT;nanos-GAL4 (gift from Dr. Pernille Rorth) was used to 
drive expression in the germline (Dinkins et al., 2008; Goentoro et al., 2006; Rørth, 
1998). Ced-12KO (gift from Dr. Erika Geisbrecht) was used to generate germline clones.  
The ovoD method was used to generate germline clones (Chou and Perrimon, 1996).  
LuciferaseRNAi was used as a control for all RNAi experiments. Dr. Francesca 
Pignoni provided V-ATPase and Mitf fly lines unless noted to have come from 
Bloomington Stock Center (Zhang et al., 2015). Dr. Kartik Venkatachalam provided the 
ClC-b-GFP fly line (Wong et al., 2017). Dr. Norbert Perrimon provided the UAS-Myr-
GFP fly line (Pfeiffer et al., 2012). 
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 All flies were raised at 25°C unless otherwise noted. Crosses that required GAL80 
were performed at 18°C. Two days prior to dissection, flies that expressed RNAi were 
fed yeast paste and moved to 29°C. Protein trap, enhancer trap, and overexpression lines 
were also fed yeast paste 2 days prior to dissection, but were kept at 25°C. 
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Fly Stock Source Identifier Publication 
(Stretch follicle cell 
GAL4) 
P{GawB}l(1)3AtPG
150 
Dr. Ellen LeMosy N/A (Dinkins et al., 
2008) 
(Follicle cell GAL4)  
GR1-GAL4 
Dr. Trudi 
Schüpbach 
N/A (Goentoro et al., 
2006) 
(Germline GAL4)  
Nanos-Gal4:VP16 
Dr. Pernille Rorth N/A (Rørth, 1998) 
(Vha68-2 enhancer 
trap) 
pHStinger-Vha68-
2-1 
Dr. Francesca 
Pignoni 
N/A (Zhang et al., 2015) 
GFP::ClC-b Dr. Kartik 
Venkatachalam 
N/A (Wong et al., 2017) 
(Vha13-GFP 
protein trap) 
y[1] w[*]; 
P{w[+mC]=PTT-
GA}Vha13[CA0764
4]/TM3, Ser[1] 
Sb[1] 
Bloomington Stock 
Center 
50828 (Buszczak et al., 
2007) 
(Vha44-GFP 
protein trap) 
y[1] w[67c23]; 
Mi{PT-
GFSTF.2}Vha44[MI
11080-
GFSTF.2]/SM6a 
Bloomington Stock 
Center 
63202 (Nagarkar-Jaiswal 
et al., 2015) 
(VhaSFD-GFP 
protein trap) 
w[1118]; 
P{w[+mC]=PTT-
GA}VhaSFD[G002
59]/CyO 
Bloomington Stock 
Center 
6840 (Morin et al., 2001) 
(UAS-Myr-GFP) 
pJFRC29-10XUAS-
IVS-myr::GFP-p10 
Dr. Norbert 
Perrimon 
N/A (Pfeiffer et al., 
2012) 
(UAS-Myr-RFP) 
w[1118]; 
P{w[+mC]=UAS-
myr-mRFP}1 
Bloomington Stock 
Center 
7118 (Olswang-Kutz et 
al., 2009) 
(Luciferase RNAi) 
y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.JF01
355}attP2 
Bloomington Stock 
Center 
31603 N/A 
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(Vha100-2 RNAi) 
y[1] sc[*] v[1]; 
P{y[+t7.7] 
v[+t1.8]=TRiP.HMC
05732}attP40 
Bloomington Stock 
Center 
64859 N/A 
(Vha16-1 RNAi) 
y[1] sc[*] v[1]; 
P{y[+t7.7] 
v[+t1.8]=TRiP.HMS
02171}attP40 
Bloomington Stock 
Center 
40923 N/A 
(CP1 RNAi) 
y[1] sc[*] v[1]; 
P{y[+t7.7] 
v[+t1.8]=TRiP.HMS
00725}attP2 
Bloomington Stock 
Center 
32932 N/A 
(Snap24 RNAi) 
y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.JF03
146}attP2 
Bloomington Stock 
Center 
28719 N/A 
(Syx6 RNAi) 
y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.JF03
125}attP2/TM3, 
Sb[1] 
Bloomington Stock 
Center 
28505 N/A 
(Mitf RNAi) 
UAS-MitfRNAi x2; 
UAS-
dicer2/SM6::TM6B 
Dr. Francesca 
Pignoni 
N/A (Zhang et al., 2015) 
(Ced-12 RNAi) 
y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HM0
5042}attP2 
Bloomington Stock 
Center 
28556 N/A 
(drpr RNAi) 
yw;Pwiz-draper 
RNAi #7/CyO 
Dr. Marc Freeman 
and Dr. Mary 
Logan 
N/A (MacDonald et al., 
2006) 
(aPS3 RNAi) 
y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.JF02
696}attP2 
Bloomington Stock 
Center 
27545 N/A 
(Gal80ts) 
w[*]; 
P{w[+mC]=tubP-
GAL80[ts]}20; 
TM2/TM6B, Tb[1] 
Bloomington Stock 
Center 
7019 (McGuire et al., 
2003) 
UASp-pHRed Albert Mondragon N/A N/A 
UASt-ss-HRP-
KDEL-V5 
Albert Mondragon N/A N/A 
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UAS-CP1-HA FlyORF 780 (Dong et al., 2015) 
draperΔ5 FRT2A Dr. Estee Kurant N/A (Etchegaray et al., 
2012; Freeman et 
al., 2003) 
Ced-12KO Dr. Erika 
Geisbrecht 
N/A (Bianco et al., 
2007) 
Table 2.1 – Fly stocks used 
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2.2 GAL4/UAS system 
 The binary GAL4/UAS system was used to drive expression of transgenes in 
specific tissues. Briefly, UAS is an upstream activating sequence that contains optimized 
GAL4 binding sites (Brand and Perrimon, 1993). By inserting the GAL4 sequence after 
an endogenous promoter, the GAL4 transcription factor will be expressed under the 
native expression of whichever gene it has inserted in. This can be utilized to drive the 
expression of a gene of interest which is downstream of a UAS site. The gene of interest 
will have the same expression pattern of the gene which contains the GAL4 insertion. 
Many GAL4 lines exist and can be easily crossed to flies containing constructs with a 
UAS site upstream of the gene of interest. This will result in the progeny of the cross 
expressing a gene of interest in the same expression pattern as the GAL4 (Figure 2.1). 
This technique is commonly used for tissue specific gene expression or RNAi 
knockdowns.  
 Overexpression or knockdown of some genes may cause lethality of the fly or a 
phenotype that is too severe to analyze. GAL80 is a negative regulator of the GAL4 
transcription factor and can provide conditional overexpression or knockdown of genes 
by inhibiting GAL4. Specifically this was made by possible by the creation of a 
temperature sensitive GAL80 variant (GAL80ts) (Zeidler et al., 2004). Essentially, 
GAL80ts inhibits GAL4 from functioning until the flies are shifted from 18°C to 29°C 
where the GAL80ts will not function appropriately as the increased temperature triggers 
inteins (temperature sensitive protein introns) to splice themselves into the protein, 
disrupting the functional GAL80 protein (Zeidler et al., 2004).  
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Figure 2.1 – The GAL4/UAS system 
An endogenous tissue specific driver (enhancer or promoter) causes the expression of the 
transcription factor GAL4.  GAL4 will bind to upstream activating sites (UAS) and drive 
the expression of a gene of interest. GAL4 is inhibited by GAL80. Adapted from Alla 
Yalonetskaya. 
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2.3 Ovary dissection 
Flies were “conditioned” with wet yeast paste for 2 days before dissection. Yeast 
pellets were dissolved in water until the consistency was close to peanut butter. This 
yeast paste was coated along the wall of the vial and replaced each day. After 2 days, the 
flies were anesthetized on CO2 pads and dissected in Grace’s insect media (Thermo 
Fisher Scientific) or 1X PBS (10X PBS in 900 mL dH2O, 80 g NaCl, 2 g KCl, 11.5 g 
Na2HPO4, 2 g KH2PO4 adjusted to pH 7.4 by 6N HCl and autoclaved). We did not notice 
any differences in staining or in any phenotypes seen between ovaries dissected in 
Grace’s or PBS.  
 To dissect out the ovary, anesthetized flies were placed into a well of room 
temperature Grace’s insect media or 1X PBS. Tweezers were used to gently grasp the 
fly’s upper body and the lower abdomen. By pulling at the lower abdomen, the ovaries 
became exposed. The pair of ovaries were then gently pulled out of the abdomen with 
tweezers (Wong and Schedl, 2006). The ovaries were then teased apart with needles and 
transferred to a microcentrifuge tube in PBS with a glass Pasteur pipette for further 
processing. Ovaries must be well teased apart for LysoTracker, antibody staining, and 
TUNEL (see below).  
2.4 DAPI staining 
 Following dissection, ovaries were fixed by being incubated in 300 µL of 1X PBS 
and 100 µL of 16% paraformaldehyde (PFA, Electron Microscopy Sciences, final 
concentration of 4% PFA) for 20 minutes while rotating. PFA was used fresh within one 
week of opening the ampule. Following fixation, ovaries were rinsed with 0.1% PBT 
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(0.1% Triton X-100 in 1X PBS) twice. The ovaries were then washed with 0.1% PBT 
three times, 20 minutes each. Ovaries were then rinsed by 1X PBS and 2 drops of 
Vectashield antifade mounting medium + 4′,6-diamidino-2-phenylindole (DAPI, Vector 
Laboratories – H-1200) were added. Ovaries incubated overnight in a 4°C refrigerator 
until mounting on slides for analysis by microscopy.  
2.5 Antibody staining 
 This antibody staining protocol was optimized after many iterations by Alla 
Yalonetskaya. Following dissection, ovaries were fixed by being incubated in PBS/ PFA 
as described in section 2.4. Following fixation, ovaries were rinsed with 1% PBT twice. 
The ovaries were then washed (rotating) with 1% PBT three times, 20 minutes each. 
They were then blocked with PBANG (1% PBT, 0.5% Bovine Serum Albumin (BSA), 
5% Normal Goat Serum (NGS)). Ovaries were then incubated with the primary antibody 
(at least 300 µL to facilitate rotation) in PBANG, rotating for at least 48 hours at 4°C. 
The PBANG and antibody were then removed and samples were rinsed with 1% PBT 
twice. They were then washed four times with 1% PBT + 0.5% BSA for 30 minutes each. 
Ovaries were then incubated with the secondary antibody in PBANG (at least 300 µL), 
rotating in the dark at room temperature for 1 hour. Ovaries were then rinsed with 1% 
PBT twice and washed with 1% PBT + 0.5% BSA four times, 30 minutes each. The 
samples were then rinsed with 1X PBS and 2 drops of Vectashield antifade mounting 
medium + DAPI were added. Ovaries incubated overnight at 4°C until mounting on 
slides for analysis by microscopy. Antibodies used are in Table 2.2. 
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Antibody Dilution Supplier 
 
anti-Eya 1:300 DSHB (Eya10H6) 
anti-ATP6V1B1 (Vha55) 1:50 Abgent (AP11538C-ev) 
anti-CP1 1:200 R&D Systems (MAB22591) 
anti-LAMP1 1:500 Abcam (Ab30687) 
anti-V5 1:300 Invitrogen (46-0705) 
anti-HA (rabbit) 1:50 Santa Cruz (SC-805) 
anti-HA (mouse) 1:50 Abclonal (AE008) 
anti-Cleaved Dcp-1  1:100 Cell Signaling Technology (9578S) 
anti-Draper 1:50 DSHB (5D14) 
anti-αPS3 1:1000 YenZym (Meehan et al., 2015) 
goat-anti-rabbit 647 1:200 Jackson ImmunoResearch (111-605-144) 
goat-anti-mouse Cy3 1:200 Jackson ImmunoResearch (115-165-003) 
Table 2.2 – Antibodies used for immunohistochemistry 
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2.6 LysoTracker staining 
Following dissection, ovaries were incubated in 50 µL of LysoTracker Red DND-
99 (Thermo Fisher Scientific) in 1X PBS (at 1:50 concentration) for 6 minutes. Three 
minutes into this incubation, the tubes were gently flicked or tapped on the counter to mix 
the sample. The sample was then rinsed with 1X PBS twice. The ovaries were then 
washed (rotating) twice in 1X PBS for 15 minutes each. The samples were then fixed by 
being incubated in 300 µL of 1X PBS and 100 µL of 16% PFA for 20 minutes while 
rotating. It is essential that the ovaries are not washed with PBT or any other harsh 
detergent until after fixation. Following fixation, ovaries were rinsed with 0.1% PBT 
twice. The ovaries were then washed with 0.1% PBT three times, 20 minutes each. 
Ovaries were then rinsed by 1X PBS and 2 drops of Vectashield antifade mounting 
medium + DAPI were added. Ovaries incubated overnight at 4°C until mounting on 
slides for analysis by microscopy.  
2.7.1 TUNEL staining in Chapter 3 
 The terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) 
protocol uses the DeadEnd Flourometric TUNEL Kit (Promega – G3250). After 
dissection, ovaries were fixed in 375 µL PBS and 125 µL 16% PFA for 20 minutes 
rotating. The samples were washed in 0.1% PBT 3 times, 10 minutes each. Egg chambers 
were permeabilized in 0.2% PBT for 15 minutes rotating and washed twice in 0.1% PBT 
for 5 minutes each. The samples were then equilibrated in 20 µL equilibration buffer for 
10 minutes, tapping the tube to mix periodically. The ovaries were then incubated in 50 
µL of Tdt mix (45 µL equilibration buffer, 5 µL nucleotide mix, 1 µL Tdt) for 3 hours at 
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37°C. The reaction was stopped by washing samples with 300 µL 2X SSC solution for 1 
minute and another 300 µL 2X SSC solution wash for 15 minutes rotating. Samples were 
then washed with 1X PBS and 2 drops of Vectashield antifade mounting medium + DAPI 
were added and incubated overnight at 4°C until mounting on slides for analysis by 
microscopy.  
2.7.2 TUNEL staining in Chapter 4 
Due to poor penetration and low fluorescence of our original TUNEL protocol (2.7.1) we 
developed a new protocol and used a different kit. The terminal deoxynucleotidyl 
transferase dUTP nick end labeling (TUNEL) protocol was carefully developed and 
tested by Alla Yalonetskaya and uses the in situ Cell Death Detection Kit – TMR Red – 
Roche, Cat #12 156 792 910. Ovaries were dissected in 2% PFA in 0.1% PBT. After 
dissection, ovaries were transferred to a fresh tube of 2% PFA in 0.1% PBT for a total 
fixation time of 45 minutes, including the dissection time.  Following fixation, ovaries 
were rinsed with 1% PBT (1% Triton X-100 in 1X PBS) twice. The ovaries were then 
washed (rotating) with 1% PBT three times, 30 minutes total. Ovary tissue was 
permeabilized in 0.1% sodium citrate in 0.1% PBT (freshly prepared) at 65°C for 30 min. 
Tubes were inverted every 10 minutes to mix. Tissue was washed 3 times in 1% PBT 
over 20 minutes total. Ovaries were then incubated in 40 µL of TUNEL reaction (36 µL 
of Label Solution and 4 µL of Enzyme Solution) at 37°C for 3 hours (protect all reagents 
and ovaries from light). After incubation, samples were then washed with 1X PBS 4 
times, over a total time of 1 hour. If antibody staining was also being done, the normal 
antibody staining procedure, beginning with blocking with PBANG, began at this point. 
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Otherwise, 2 drops of Vectashield antifade mounting medium + DAPI were added and 
incubated overnight at 4°C until mounting on slides for analysis by microscopy.  
2.8 Microscopy 
Samples were analyzed by microscopy with either a fluorescence microscope 
(Olympus BX60) or by confocal microscopy (Olympus FluoView Fv10i or Nikon C2Si). 
Images were all analyzed in Fiji (Fiji Is Just ImageJ) and figures were made in Adobe 
Illustrator CS6. Figures that needed adjustment (brightness/contrast) were equally (the 
full image) adjusted in Adobe Photoshop CS6 and every adjustment is listed in the figure 
legend. Live imaging was performed on the Nikon C2Si, images were taken every 3 
minutes. Image analysis such as GFP intensity and pixel counting were performed in Fiji. 
2.9 Quantifications 
 LysoTracker vesicles and acidified nurse cell nuclei were quantified. This was 
performed on the Olympus BX60 fluorescence microscope. Egg chambers were scored as 
either having LysoTracker vesicles or not. Additionally, each individual nurse cell 
nucleus (visible by DAPI) was scored for LysoTracker. TUNEL was also scored on the 
Olympus BX60 fluorescence microscope, like LysoTracker, each individual nurse cell 
nucleus was scored for TUNEL. For quantification of Vha68-2 GFP intensity, the mean 
GFP intensity of Eya+ follicle cells (SFCs) and Eya- follicle cells was measured by 
ImageJ after outlining only Eya+ or Eya- nuclei. Measurement of CP1 pixels was also 
performed in ImageJ. Nurse cell nuclei (regions of interest) were outlined based on 
DAPI staining, the CP1 channel was converted to a black and white image, and the 
pixels in the regions of interest were counted in the CP1 channel. 
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2.10 Live imaging 
 Live imaging was performed as described in Peters et al. 2016 (Peters and Berg, 
2016).  Briefly, egg chambers of stage 10B or later (stage of interest) were collected 
carefully from conditioned flies in room temperature Schneider’s media (Thermo Fisher 
Scientific). This procedure must be done carefully, as touching the individual egg 
chambers with the dissecting needles will likely pop them. After dissecting individual 
egg chambers out of ovaries (for about 30 minutes – at least a dozen), they were pipetted 
onto a glass bottom dish with a glass Pasteur pipette and the dish was filled with 
Schneider’s media. LysoTracker (1:1000) and/or Hoechst (Thermo Fisher Scientific, 
1:3000) was added. LysoTracker penetrates the tissue and works immediately. Hoechst 
does not penetrate the thick egg chamber very well and usually only labeled follicle cell 
nuclei. A small square cut from a Kimwipe was placed on top of the egg chambers and a 
brass washer to create an “immobilization blanket.” This keeps the egg chambers in place 
during imaging and is vital to successful live imaging (Figure 2.2) (Peters and Berg, 
2016).  
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Figure 2.2 – Egg chamber live imaging apparatus 
Diagram of egg chambers under the “immobilization blanket.” Figure from Peters et al. 
2016 (Peters and Berg, 2016). 
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2.11 Western blotting 
 Gels were cast in Bio-Rad casting chambers. Plates were assembled and the 10% 
resolving gel mix was added up to 1 inch from the top. The 10% resolving gel mix was 
composed of: 4 mL diH20, 2.5 mL 1.5 M Tris (pH 8.8), 3.32 mL 30% bis-acrylamide, 
100 µL 10% sodium dodecyl sulfate (SDS), 50 µL 10% ammonium persulfate (APS), 
and 10 µL tetramethylethylenediamine (TEMED). The resolving mix solidifies quickly 
after the addition of ammonium persulfate and TEMED. APS was freshly prepared from 
powder each day. A small layer of isopropanol was pipetted on top of the resolving gel to 
keep it flat. Once solidified, the isopropanol was poured off and the 4% stacking gel mix 
was added to the top and a well insert was inserted. The 4% stacking gel mix was 
composed of: 5.996 mL diH20, 2.5 mL 0.5 M Tris (pH 6.8), 1.34 mL 30% bis-
acrylamide, 100 µL 10% SDS, 50 µL 10% APS, 20 µL TEMED.  
Protein was isolated by lysing whole ovaries in 100 uL fresh ice cold RIPA buffer 
for 5 minutes. RIPA buffer was composed of: 50 µL 1M Tris-HCl, 150 µL 5M NaCl, 50 
µL of 10% SDS, 250 µL of 10% Sodium Deoxycholate, 500 µL of 10% TritonX-100, 50 
µL of 100X Protease Inhibitor (Sigma-Aldrich – P8849), 50 µL of 100 mM PMSF (The 
stock may have precipitate, but will go back into solution once warmed), 3.550 mL of 
diH20. After the 5 minute incubation, tissue was disrupted by using a motorized pestle 
until clumps were broken down (about 30 seconds). Samples were centrifuged for 10 
minutes at 4°C at 16.1 relative centrifugal force (RCF). The clarified sample (clear 
middle layer only) was transferred to a new tube. Protein that was to be analyzed later 
was snap frozen in liquid nitrogen and stored at -80°C. 
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Laemmli loading buffer with 2-mercaptoethanol (BME, Bio-Rad) was added to 
the protein samples (1:3), boiled at 95°C and then immediately stored on ice. 10 µL of 
the protein ladder (Bio-Rad) was added to the first well and 20 µL of each sample was 
added to additional wells. Samples were run in 1X loading buffer for 1 hour (120 volts). 
The gel was then transferred onto nitrocellulose membrane (Thermo Fisher Scientific) 
overnight at 15 volts. The membrane was blocked overnight, incubated with primary 
antibody 1 hour at room temperature in 5% milk powder in 1X TBST (Tris-Buffered 
Saline with Tween 20), and subsequently rinsed with 1X TBST and washed with 1X 
TBST for 15 minutes. The membrane was incubated with secondary antibody in 5% milk 
powder in 1X TBST for 2 hours at room temperature. Protein was detected by enhanced 
chemiluminescence (ECL, Thermo Fisher Scientific).  
2.12 Biotinylated protein pull-down  
Frozen protein samples were thawed on ice. Meanwhile, streptavidin magnetic 
beads (Pierce 88817) were vortexed until appropriately dispersed in original vial. A 200 
µL pipette tip with the tip cut off was used to transfer 50 µL of beads into a 
microcentrifuge tube on ice. The beads were collected by magnetic rack and solution was 
removed. The beads were washed with 1 mL of RIPA lysis buffer twice. The beads were 
subsequently incubated with 90 µL of protein lysate (about 550 µg of protein) and an 
additional 500 µL of RIPA buffer was added to facilitate rotation for 1 hour at room 
temperature. Beads were pelleted on a magnetic rack and the supernatant (flow-through) 
was collected. All wash buffers and further steps were performed on ice. Additionally, 
after each wash the magnetic beads were transferred into a new tube (instructions from 
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Dr. Andrew Emili’s lab suggested protein contaminants could stick in old tubes between 
washes). The beads were washed twice with 1 mL RIPA buffer, once with 1 mL KCl, 
once with 1 mL 0.1 M Na2CO3, once with 1 mL 2 M Urea in 10 mM Tris-HCl (pH 8), 
and twice with 1 mL RIPA buffer. If the sample was to be used for proteomic analysis, 
all RIPA buffer was removed and the beads were snap frozen in liquid nitrogen and 
stored at -80°C. Otherwise, protein was eluted by boiling each sample in 30 µL of 3X 
protein loading buffer (containing DTT, Pierce) supplemented with 2 mM biotin (Sigma-
Aldrich) for 10 minutes. After boiling, the beads were vortxed, cooled on ice, and spun 
down briefly to bring down condensation. The magnetic beads were pelleted with the 
magnetic rack and the eluate was collected for analysis by western blot. Biotinylated 
proteins were probed on western blot with streptavidin-HRP (Thermo Fisher Scientific). 
2.13 Protein biotinylation using HRP-KDEL 
 Freshly dissected ovaries were incubated in 300 µL of 500 uM biotin phenol for 
30 minutes at room temperature rotating. Samples were then rinsed with 1X PBS twice 
and the biotinylation reaction was initiated by adding 1 mM H202 in PBS to the samples 
for 1 minute and rotating at room temperature. The ovaries were then quickly washed 
with the quencher solution (10 mM sodium ascorbate, 5 mM Trolox (Sigma-Aldrich), 10 
mM sodium azide) three times, 15 seconds each, while inverting the tube to mix. Ovaries 
were subsequently lysed in 100 µL RIPA buffer with the quencher solution for 5 minutes 
on ice. Tissue was homogenized by motorized pestle, centrifuged at 16.1g for 10 minutes 
at 4°C. The clarified sample (clear middle layer) was transferred to a new tube and snap 
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frozen in liquid nitrogen. This protocol was adapted from (Chen et al., 2015; Hung et al., 
2016).  
2.14 Molecular cloning 
NEB 5-alpha competent E. coli (NEB C2992H) cells were transformed with the plasmid 
of interest, grown on selective plates, and plasmid isolated by Qiagen Miniprep kit. The 
construct of interest was amplified to produce blunt-end products (vector of interest, 
Table 2.3). TOPO-D cloning (Invitrogen K240020) was performed as described in the 
manual. Briefly, 4 µL of the fresh PCR product was added to 1 µL of salt solution and 1 
µL TOPO-D vector. The reaction was incubated at room temperature for 30 minutes and 
2 µL was added to a tube of One Shot TOP10 Chemically Competent E. coli (Invitrogen 
C404010). The cells were incubated on ice for 30 minutes and heat shocked at 42°C for 
30 seconds before being placed back on ice, incubated with an extra 250 µL LB and were 
shaken for 1 hour horizontally in a 37°C incubator. Bacteria were plated onto antibiotic 
plates and positive colonies were selected the next day, grown overnight, and plasmids 
isolated by the Qiagen Miniprep kit. 
The Gateway LR reaction (Invitrogen 11791100) was performed using the entry 
clone that was created in the previous steps and a destination vector obtained from the 
Drosophila Genomic Resources Center (DGRC) (Table 2.3). Briefly, 3 µL of the entry 
clone (approximately 300 ng) was added to 2 µL of the destination vector (300 ng) and 4 
µL 5X LR clonase reaction buffer and 7 µL TE buffer. The reaction was incubated at 
25°C for 1 hour and then 2 µL of proteinase K was added to the reaction and incubated 
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10 minutes at 37°C. 2 µL of the recombination reaction was transformed into One Shot 
Top 10 Chemically Competent E. coli as previously described. Bacteria were plated onto 
antibiotic plates, grown overnight, selected colonies were grown overnight again, and 
plasmids isolated by Qiagen Midiprep kit for sequencing and injection.   
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Primers 
HRP-KDEL Forward 
 
CACCATGGAGACAGACACACTC  
HRP-KDEL Reverse 
 
ATCACAGCTCGTCCTTGGTGC 
pHRed Forward 
 
CACCATGGTTTCCGTTATCGCAAAG 
pHRed Reverse 
 
TTACATAATTACACACTTTGTCTTTGAC 
 
Plasmids 
pTW 
 
UASt Vector (DGRC – #1129) 
pPW 
 
UASp Vector (DGRC – #1130) 
pDisplay-ss-V5-HRP-
KDEL 
(AmpR) 
 
Obtained from Dr. Alice Ting (Rhee et al., 
2013) 
pHAGE-EF1aL-pHRed-
CAAZX 
Obtained from Dr. Won-Suk Chung 
 
Table 2.3 – Primers and plasmids used 
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CHAPTER THREE 
Stretch follicle cells utilize phagocytosis machinery to promote nurse cell death by 
phagoptosis 
(Portions of this chapter were previously published in Timmons et al. 2016 and 
Timmons et al. 2017.  Portions of this chapter were performed by Allison Timmons 
(Figure 3.1, 3.2, 3.4, 3.5, 3.10), and Claire Schenkel (Figure 3.4). The remaining 
portions of the chapter were performed by Albert Mondragon. 
3.1 Introduction 
Programmed cell death (PCD) is the genetically controlled elimination of cells 
that occurs during organismal development and homeostasis. The phagocytosis of cell 
corpses (also known as engulfment or efferocytosis) is a crucial step in the cell death 
process, preventing corpses from becoming secondarily necrotic, potentially causing 
tissue damage and autoimmunity. Apoptosis is the most well characterized form of PCD, 
however there are at least a dozen cell death modalities that are morphologically, 
biochemically, and genetically distinct (Galluzzi et al., 2012; Kroemer et al., 2009). Two 
well-known examples of non-apoptotic cell death are autophagy-dependent cell death and 
necrosis, but there are several alternative cell death mechanisms that are less well 
understood.  
 Non-apoptotic PCD occurs on a large scale in the Drosophila ovary. Drosophila 
females can produce hundreds of eggs during their lifetime, and for every egg that is 
formed, developmental PCD of supporting nurse cells (NCs) occurs. However, the 
mechanisms of developmental PCD in the Drosophila ovary are poorly understood. Each 
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egg forms from a 16-cell germline cyst, comprised of the single oocyte and 15 NCs that 
support the oocyte throughout 14 stages of oogenesis (King, 1970; Spradling, 1993). 
Hundreds of somatically derived follicle cells (FCs) surround the germline cyst, forming 
an egg chamber. At stage 11 of oogenesis, NCs rapidly transfer (“dump”) their cytoplasm 
into the oocyte. Concurrently, the NCs asynchronously undergo developmental PCD, 
resulting in mature stage 14 egg chambers that no longer contain any NCs (Jenkins et al., 
2013; King, 1970; Spradling, 1993; Yalonetskaya et al., 2018). Interestingly, caspases, 
proteases associated with apoptosis, play only a minor role in the death of the NCs in late 
oogenesis (Baum et al., 2007; Mazzalupo and Cooley, 2006; Peterson et al., 2003). 
Furthermore, combined inhibition of caspases and autophagy does not significantly block 
NC death during late oogenesis (Peterson and McCall, 2013). To date, defining the major 
mechanism of developmental PCD in the Drosophila ovary has remained elusive.   
 An intriguing possibility is that the somatic FCs non-cell autonomously promote 
the developmental PCD of the NCs during late oogenesis. Non-cell autonomous PCD is 
when a cell or group of cells extrinsically initiates or regulates the death of another cell. 
This concept contrasts with the idea that PCD is largely a self-regulated, autonomous 
suicide program in which a cell controls its own demise. One well-characterized example 
of non-cell autonomous control of PCD is apoptosis induced by the death ligands Fas or 
TNF (Pérez-Garijo et al., 2013; Wilson et al., 2009). 
 Another type of non-cell autonomous PCD is phagoptosis (or primary 
phagocytosis), in which engulfing cells directly cause the death of other cells via 
“murder” or “assisted suicide”. Phagoptosis is distinct from the engulfment of cell 
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corpses, as the engulfing cell plays an active role in the death of a cell, rather than simply 
degrading a cell that died via another mechanism. The defining characteristic of 
phagoptosis is that inhibition of phagocytosis leads to a failure in cell death (Brown and 
Neher, 2012, 2014). Phagocytosis has also been shown to promote PCD in C. elegans, 
although this is an example of  “assisted suicide” since dying cells also require apoptotic 
machinery (Hoeppner et al., 2001; Reddien et al., 2001). 
 Draper, an engulfment receptor, has been shown to be important in several other 
contexts including the engulfment of severed axons, bacteria, imaginal disc cells, 
hemocytes and apoptotic nurse cells in mid-oogenesis (Cuttell et al., 2008; Etchegaray et 
al., 2012; Li and Baker, 2007; MacDonald et al., 2006; Manaka et al., 2004). In addition 
to Draper, other Drosophila engulfment receptors include Croquemort (Franc et al., 
1999) and integrins (Nagaosa et al., 2011; Nonaka et al., 2013). The upstream activators 
of the Ced-2, 5, 12 pathway are largely unknown, although it has been proposed that 
integrins activate the pathway (Hsu and Wu, 2010). As in C. elegans, it appears that Ced-
12 and draper function in separate pathways in Drosophila.  Ced-12 and draper have 
been shown to function in distinct steps in axon clearance (Ziegenfuss et al., 2008). A 
number of other engulfment genes have been identified in Drosophila, and details 
regarding their molecular interactions are under active investigation (Doherty et al., 2014; 
Van Goethem et al., 2012; Han et al., 2014; Xiao et al., 2015). 
 Given the minor role for apoptosis and autophagy-dependent cell death during 
developmental PCD in the Drosophila ovary, we investigated the possibility that the FCs 
non-cell autonomously promote NC death. Previously we showed that follicle cells of the 
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Drosophila ovary are capable of phagoptosis when phagocytosis genes are over-
expressed in mid-oogenesis (Etchegaray et al., 2012), and we questioned whether 
phagocytosis genes might normally function to control cell death in late oogenesis.  
Indeed, we found that the phagocytosis genes draper/Ced-1 and Ced-12/ELMO are 
required in the FCs for NC removal in late oogenesis, and that they function in parallel. 
We also show that the FCs non-cell-autonomously control events associated with the 
death of the NCs including, acidification, and DNA fragmentation. Furthermore, the 
genetic ablation of stretch FCs disrupted all cellular changes associated with the 
developmental PCD of the NCs. Therefore, PCD of the NCs during Drosophila oogenesis 
is a unique model of a naturally occurring developmental cell death program that is non-
apoptotic and non-cell-autonomously controlled.  
3.2 Stretch follicle cells surround nurse cells 
 During late oogenesis, a population of ∼50 FCs known as the stretch follicle cells 
(SFCs) cover the NCs on the anterior of the egg chamber, and it has been proposed that 
these SFCs phagocytose the NCs following their death (Cummings and King, 1970; 
Nezis et al., 2000; Tran and Berg, 2003). However, exactly how this is accomplished and 
whether SFCs play a role in the developmental PCD of the NCs remains unclear. To 
analyze the relationship between SFCs and NCs, we expressed a membrane-tethered GFP 
specifically in SFCs (PG150 > mCD8-GFP) (Figure 3.1A–E and Figure 3.2A). The SFCs 
were visible in stage 10 (Figure 3.1A) and began to project extensions around individual 
NCs in stage 11 (Figure 3.1B). By stage 12, cytoplasmic dumping of the NCs was 
completed, and the NC nuclei appeared completely enveloped by the SFCs (Figure 3.1C). 
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The SFCs remained around the NC nuclei in stage 13, as they were eliminated (Figure 
3.1D). By stage 14, characterized by fully formed dorsal appendages (DAs), all NC 
nuclei were eliminated (Figure 3.1E). Therefore, the SFCs were intimately associated 
with the NCs throughout the progression of developmental PCD, raising the intriguing 
possibility that the SFCs play an active role in the death of the NCs. 
3.3 Draper and Ced-12 are required for nurse cell clearance 
 Given that the stretch FCs completely surrounded the NCs throughout late 
oogenesis, we investigated whether the phagocytic machinery in the FCs contributed to 
NC removal. Egg chambers expressing a membrane-tethered GFP specifically in all FCs 
(GR1 > mCD8-GFP; Figure 3.2B) were stained with an antibody against the engulfment 
receptor Draper (Figure 3.1F–J’). Draper was detected as the stretch FCs surrounded the 
NCs in stage 11 and appeared to define the path of stretch FC extension (Figure 3.1G-
G’). The enrichment of Draper on the FC membranes was most intense in stages 12 and 
13 (Figure 3.1H–I’), and some residual Draper staining was observed in stage 14 (Figure 
3.1J-J’). The enrichment of Draper was specific to the stretch FCs, because egg chambers 
with draper knocked down specifically in stretch FCs (PG150 > draperRNAi) lacked 
Draper staining in late stage egg chambers (Figure 3.2D–G’).      
To determine whether draper was required for the removal of NCs during late 
oogenesis, we analyzed egg chambers from draperΔ5 (null) flies. Interestingly, we found 
a striking number of persisting NC nuclei in stage 14 egg chambers (Figure 3.1L), 
compared with the control (w1118), where NC nuclei were removed normally (Figure 
3.1K). On average, there were ∼8 persisting NC nuclei in draperΔ5 egg chambers 
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compared with 0.23 in the w1118 control (Figure 3.1Q). Moreover, 100% of draperΔ5 stage 
14 egg chambers contained at least one persisting NC nucleus, and >40%had more than 
10 persisting nuclei (Figure 3.2C). These data show that draper is required for the 
removal of the NCs.  
 draper has been shown in several contexts to be required in engulfing cells for 
corpse clearance (Cuttell et al., 2008; Etchegaray et al., 2012; Freeman et al., 2003; Li 
and Baker, 2007; MacDonald et al., 2006; Manaka et al., 2004). However, draper was 
also shown to be required cell-autonomously in the salivary gland for autophagy-
depenent cell death (McPhee et al., 2010). To determine which cell type required draper 
during developmental PCD of the NCs, we generated draperΔ5 germ-line clones (GLCs) 
and found that the number of persisting NC nuclei was significantly reduced compared 
with draperΔ5 homozygotes (Figure 3.1Q and Figure 3.2C), suggesting that draper is 
required nonautonomously for NC removal. Next, we expressed draperRNAi using FC-
specific GAL4 drivers (Figure 3.2A-B). Compared with controls (Figure 3.1M-O), stage 
14 egg chambers expressing draperRNAi in all FCs (GR1 > draperRNAi) had a strong 
persisting NC nuclei phenotype similar to draperΔ5 (Figure 3.1Q and Figure 3.2C). 
Furthermore, we demonstrated that the requirement for draper was specifically in the 
stretch FCs (PG150 > draperRNAi) (Figure 3.1M-N, Q), with ∼55% of egg chambers 
containing >10 persisting NC nuclei (Figure 3.2C). Together, these findings indicate that 
draper is specifically required in the stretch FCs for NC removal in late oogenesis. 
 To identify other genes that are required in the FCs for NC removal, we knocked 
down several candidate genes specifically in the FCs via RNAi or dominant-negative 
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constructs. The candidate screen revealed that FC-specific knockdown of several known 
engulfment genes, including Ced-12, resulted in persisting NC nuclei (Figure 3.1O-P, R 
and Figure 3.2H-I), further demonstrating that the engulfment machinery of the FCs is 
important for the removal of NCs during late oogenesis. To determine if Ced-12 was 
required in the germ line, we generated GLCs and found that the number of persisting NC 
nuclei was not significantly different from the w1118 control, demonstrating that Ced-12 is 
required nonautonomously in the FCs for NC removal (Figure 3.1R and Figure 3.2H). 
Although both draper and Ced-12 knockdowns demonstrated a severe disruption to the 
removal of the NCs, most of the FCs still appeared to surround the NCs, indicating that 
the FCs were morphologically normal (Figure 3.3A–C).  
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Figure 3.1 – draper is required in the FCs for the removal of NCs during late 
oogenesis 
(A-E) The stretch FCs surround the NCs during late oogenesis. Stage 10-14 egg 
chambers (PG150-GAL4/+; UAS-mCD8-GFP/+) express GFP specifically in the 
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membranes of the stretch FCs (green, red arrows) and are stained with DAPI to label 
DNA (cyan). NC nuclei indicated by white arrows. Oocyte labeled with “O.” (A) Stretch 
FCs are apparent on anterior of a stage 10 egg chamber. (B) Stretch FCs begin to extend 
around NCs in stage 11. (C) Stretch FCs surround NC nuclei in stage 12. (D) Stretch FCs 
continue to surround NC nuclei in stage 13. (E) A stage 14 egg chamber no longer 
contains NC nuclei and has fully formed dorsal appendages (DA, arrowhead). Small 
nuclei are FC nuclei (blue arrow). (F-J’) Draper is enriched on the FC membranes 
(arrows) in late oogenesis. Stage 10-14 egg chambers (UAS-mCD8-GFP/+; GR1-
GAL4/+) are stained with α-Draper antibody (red) and DAPI (cyan), and express GFP 
specifically in the FC membranes (green). (F-F’) Stage 10 egg chamber has non-specific 
staining along NC/oocyte interface. (G-G’) Draper enrichment becomes apparent in stage 
11. (H-H’) Stage 12 egg chamber has enriched Draper on the FC membranes. (I-I’) Stage 
13 egg chamber with Draper enrichment on the FC membranes. (J-J’) Stage 14 egg 
chamber has residual Draper staining. Scale bar=50 µm (for images A-J’). (K-P) 
Persisting NC nuclei (arrows) are present in stage 14 egg chambers with engulfment 
genes knocked down. Stage 14 egg chambers stained with DAPI (blue). Scale bar=20 µm 
(K) Wild-type (w1118). (L) Homozygous draper∆5. (M) Control (PG150-GAL4/+; UAS-
luciferaseRNAi/+). (N) draperRNAi expressed specifically in the stretch FCs (PG150-
GAL4/+; UAS-draperRNAi/+). (O) Control (GR1-GAL4/UAS-luciferaseRNAi). (P) Ced-
12RNAi expressed specifically in the FCs (GR1-GAL4/UAS-Ced-12RNAi). (Q-R) 
Quantification of persisting NC nuclei in stage 14 egg chambers. GLC=germline clone. 
  
67 
Data from two distinct RNAi lines were combined for Ced-12.  Data presented are mean 
± SEM. ****P≤0.0001. Credit A-Q: Allison Timmons (Timmons et al., 2016). 
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Figure 3.2 Follicle cell GAL4 drivers and analysis of draper, Ced-12 and other 
engulfment genes  
(A-B) Follicle cell-GAL4 driver expression patterns. Egg chambers express the 
membrane-tethered protein UAS-CD4-tomato (red) specifically in the FCs and are stained 
with DAPI (cyan) to label DNA.  (A) PG150-GAL4 drives expression of UAS-CD4-
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tomato (PG150-GAL4/+; UAS-CD4-tomato/+) specifically in the stretch follicle cells 
beginning in stage 10 through stage 14 (arrows). (B) GR1-GAL4 drives expression of 
UAS-CD4-tomato (UAS-CD4-tomato/+; GR1-GAL4/+) in all follicle cells (arrows) 
beginning in stage 3. (C) Alternative quantification of data presented in Figure 3.1Q. The 
number of persisting nuclei (PN) per stage 14 egg chamber was categorized into bins of 0 
PN, 1-3 PN, 4-6 PN, 7-9 PN, 10-12 PN and 13-15 PN and the percentage of stage 14 egg 
chambers in each bin was calculated. (D-G’) The enrichment of Draper is specific to the 
FCs. Late stage egg chambers expressing mCD8-GFP (control) or draperRNAi specifically 
in the stretch FCs were stained together with α-Draper antibody (red, arrows) and DAPI 
(cyan). (D-D’) Control (PG150-GAL4/+; UAS-mCD8-GFP/+) stage 11 egg chamber 
shows enriched Draper along membranes that surround the NCs. (E-E’) draper is 
knocked down specifically in the stretch FCs of a stage 11 egg chamber (PG150-
GAL4/+; UAS-draperRNAi/+) and the enrichment of Draper is absent. Basal levels of 
Draper staining are apparent in an earlier stage egg chamber (arrowhead). (F-F’) Control 
(PG150-GAL4/+; UAS-mCD8-GFP/+) stage 13 egg chamber shows enriched Draper 
along membranes that surround the NCs. (G-G) draper is knocked down specifically in 
the stretch FCs of a stage 13 egg chamber (PG150-GAL4/+; UAS-draperRNAi/+) and the 
enrichment of Draper is absent. Basal levels of Draper staining are apparent in an earlier 
stage egg chamber (arrowhead). (H) Alternative quantification of data presented in Figure 
3.1R. The number of persisting nuclei (PN) per stage 14 egg chamber was categorized 
into bins of 0 PN, 1-3 PN, 4-6 PN, 7-9 PN, 10-12 PN and 13-15 PN and the percentage of 
stage 14 egg chambers in each bin was calculated. (I) Quantification of persisting NC 
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nuclei in engulfment gene knockdowns analyzed in the candidate gene screen. Data 
presented are mean ± SEM. ****P≤0.0001. Credit C-G’, I: Allison Timmons (Timmons 
et al., 2016). 
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Figure 3.3 Analysis of stretch follicle cells in draper or Ced-12 knockdowns 
(A-C) Visualization of stretch follicle membranes with mDC8-GFP. Scale bar = 50 µm 
(A) Stage 11-14 egg chambers from GR1-GAL4 UAS-mCD8-GFP/TM3 (control) flies 
express membrane–GFP in all FCs (green), and are stained with DAPI (cyan). The stretch 
FC membranes surround the NCs during late oogenesis. (B) Most FCs from UAS-
draperRNAi/+; GR1-GAL4 UAS-mCD8-GFP/+ egg chambers in stages 10-14 of oogenesis 
appear to surround the NCs. (C) Most FCs from GR1-GAL4 UAS-mCD8-GFP/UAS-Ced-
12RNAi egg chambers in stages 11-14 of oogenesis appear to surround the NCs. 
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Occasionally some NCs do not appear to be surrounded by the FCs (arrow) (Timmons et 
al., 2016).   
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3.4 Draper and Ced-12 are required for nurse cell acidification 
 We previously showed that punctate LysoTracker staining, likely labeling 
lysosomes, surrounds NC nuclei in late oogenesis and progresses to complete 
acidification of NC nuclei (Bass et al., 2009; Timmons et al., 2013). Using double 
labeling, we found that most LysoTracker puncta overlapped with the membranes of 
stretch FCs (Figure 3.4A-A’), raising the possibility that lysosomes from the stretch FCs 
play an active role in NC death. Electron microscopy has also demonstrated that 
lysosomes are present in the FCs that border the NCs, but not in FCs surrounding the 
oocyte, indicating that they may be important for NC elimination (Cummings and King, 
1970). By stages 12 and 13, the majority of wild-type egg chambers contained 
LysoTracker positive nuclei and puncta (Figure 3.4 B-B’, D). However, LysoTracker 
labeling in draperRNAi and Ced-12RNAi single knockdowns was severely reduced in stage 
12–13 egg chambers compared with the control (Figure 3.4D). Strikingly, draperRNAi 
Ced-12RNAi double knockdowns showed a complete disruption to NC acidification (Figure 
3.4C-D). Therefore, the engulfment machinery in the FCs is required for acidification of 
NCs during developmental PCD. However, whether the FC lysosomes actively contribute 
to the death process or are involved in the phagocytic processing of the NCs remains 
unknown. 
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Figure 3.4 Acidification of NC nuclei is dependent on engulfment machinery 
 (A-A’) LysoTracker staining (red) on egg chambers that express membrane-GFP (green) 
specifically in stretch FCs (PG150-GAL4/+; UAS-mCD8-GFP/+). Scale bar=50 µm. (A) 
Two NC nuclei are acidified in a stage 12 egg chamber (arrows), and LysoTracker puncta 
are present within the stretch FC membranes (arrowhead). (A’) Zoom of image pictured 
in (A) shows LysoTracker puncta in the stretch FC membranes. (B-C’) Stage 13 egg 
chambers stained with DAPI (cyan) and LysoTracker (red) (B-B’) Control (UAS-
GAL4/Sco; MKRS/TM6B) stage 13 egg chamber has acidified NC nuclei (arrow) and 
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LysoTracker puncta (arrowhead). (C-C’) draper Ced-12 double knockdown (UAS-
GAL4/UAS-draperRNAi; GR1-GAL4 G89/ UAS-Ced-12RNAi) stage 13 egg chamber does 
not contain acidified NC nuclei or LysoTracker puncta. (D) The percentage of late stage 
egg chambers (stage 11-13) with punctate or nuclear LysoTracker staining was 
quantified. Control is mixed siblings lacking either the GAL4 driver or the RNAi 
construct. Other genotypes are: draper∆5, draperRNAi (UAS-GAL4/UAS-draperRNAi; GR1-
GAL4 G89/ MKRS), Ced-12RNAi (UAS-GAL4/Sco; GR1-GAL4 UAS-Ced-12RNAi/ GR1-
GAL4 G89 or TM6B) and draper Ced-12 double knockdown (UAS-GAL4/UAS-
draperRNAi; GR1-GAL4 UAS-Ced-12RNAi/ GR1-GAL4 G89 or TM6B).  Credit A: Claire 
Schenkel, B-C’: Allison Timmons (Timmons et al., 2016). 
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3.5 Draper is required for nurse cell DNA fragmentation 
 DNA fragmentation is an important step in the destruction of a cell and is 
considered to be a hallmark of apoptotic cell death (Wyllie et al., 1980). Typically, DNA 
fragmentation is executed by the autonomous activation of endonucleases, such as 
caspase-activated DNase (CAD), and is considered to be the “point of no return” in the 
death process (Bass et al., 2009; Nagata, 2005). TUNEL (terminal deoxynucleotidyl 
transferase-mediated dUTP nick-end labeling) staining is used to label 3′-OH ends of 
fragmented DNA in apoptotic cells (Gavrieli et al., 1992; Sarkissian et al., 2014). During 
developmental PCD of NCs in late oogenesis, NC nuclei become TUNEL-positive, 
indicating that DNA fragmentation occurs (Cavaliere et al., 1998; Foley and Cooley, 
1998; McCall and Steller, 1998; Nezis et al., 2000; Sarkissian et al., 2014). Consistent 
with previous findings, we observed that NC nuclei became TUNEL-positive, especially 
in stage 13 (Figure 3.5A-A’, C-C’, E). Interestingly, TUNEL-labeled NC nuclei were 
often not detectable by DAPI. Quantification revealed that 35–50% of control stage 13 
egg chambers (nanos-GAL4/+ and PG150 > luciferaseRNAi) contained TUNEL-positive 
NC nuclei (Figure 3.5E). Consistent with findings that developmental PCD of the NCs is 
largely caspase independent (Baum et al., 2007; Mazzalupo and Cooley, 2006; Peterson 
and McCall, 2013; Peterson et al., 2003), we found that overexpression of the caspase 
inhibitor Diap1 in the NCs (nanos > UASp-Diap1) did not disrupt DNA fragmentation in 
late oogenesis (Figure 3.5B-B’,E). In contrast, we found that TUNEL staining was 
completely absent in stages 12 and 13 when draper was knocked down in the stretch FCs 
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(Figure 3.5D-E). These data demonstrate that DNA fragmentation is inhibited when 
draper is knocked down in the FCs. 
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Figure 3.5 The follicle cells non-autonomously contribute to nurse cell death events 
(A-D’) Stage 13 egg chambers stained with DAPI (blue) and TUNEL (green) as a marker 
for DNA fragmentation. Scale bar =50 µm. (A-A’) Control (nanos-GAL4/+) egg chamber 
contains several TUNEL-positive NC nuclei (arrow) although only one nucleus is visible 
by DAPI staining. (B-B’) Over-expression of Diap1 (nanos-GAL4/UAS-Diap1) shows 
several TUNEL-positive nuclei (arrow). (C-C’) Control (PG150-GAL4/+; UAS-
luciferaseRNAi/+) egg chamber has many TUNEL-positive NC nuclei (arrow). (D-D’) The 
knockdown of draper specifically in the stretch FCs (PG150-GAL4/+; UAS-
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draperRNAi/+) shows no TUNEL staining. (E) The percentage of egg chambers containing 
TUNEL-positive nuclei in late stages of oogenesis (stage 11-13) was quantified for each 
genotype. Credit A-E: Allison Timmons (Timmons et al., 2016). 
  
  
80 
3.6 Stretch follicle cells are required for all cell death events 
 To directly address whether the stretch FCs were required for the developmental 
PCD of the NCs, we eliminated the stretch FCs via the expression of RNAi against the 
caspase inhibitor Diap1 (PG150 > Diap1RNAi). The presence of pyknotic FC nuclei, 
cleaved caspase Dcp-1 staining, and TUNEL confirmed that the stretch FCs were indeed 
dying (Figure 3.6A–B’ and Figure 3.7A–B’). The genetic ablation of the stretch FCs 
resulted in non-autonomous effects on the NCs: They failed to dump their cytoplasm into 
the oocyte or undergo developmental PCD (Figure 3.6C–D’). This disruption to NC 
dumping and PCD was nearly complete, with 98% of egg chambers exhibiting a failure 
in NC dumping and an average of 13 persisting nuclei per egg chamber (Figure 3.6K-L). 
Interestingly, we observed a correlation between increasing the time of Diap1RNAi 
expression and the severity of egg chamber defects. Egg chambers expressing Diap1RNAi 
for 4–10 h had increasing numbers of persisting NC nuclei, however egg chambers 
expressing Diap1RNAi for 12–14 h had a mild dumpless phenotype that shifted to strong 
dumpless at 18 h (Figure 3.7C).  
To further investigate which NC death events required stretch FCs, we stained 
PG150 > Diap1RNAi egg chambers with LysoTracker and TUNEL. We observed that 
acidification (Figure 3.6E–F’, M) and DNA fragmentation (Figure 3.6G-H, N) of the NCs 
were strongly inhibited. A dramatic event that occurs in wild-type egg chambers just 
before dumping is the formation of actin bundles in the cytoplasm (Cooley et al., 1992) 
(Figure 3.6I). Phalloidin staining revealed that these actin bundle networks failed to form 
when Diap1RNAi was expressed in stretch FCs (Figure 3.6J). These data demonstrate that 
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the FCs non-autonomously control multiple events associated with the dumping and 
death of the NCs. 
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Figure 3.6 The stretch follicle cells are required for nurse cell dumping and 
developmental PCD 
(A-B') Stage 10 egg chambers stained with DAPI (blue) and a-cleaved-Dcp-1 (green) (A-
A') Control (FM7/+; tub-GAL80ts/+; UAS-Diap1RNAi/+) has no detectable Dcp-1. Scale 
bar=50 µm. (B-B') Egg chamber expressing Diap1RNAi in the stretch FCs (PG150-
GAL4/+; GAL80ts/+; UAS-Diap1RNAi/+) exhibits α-cleaved-Dcp-1 in stretch FCs (arrow). 
(C-D') Stage 14 egg chambers stained with DAPI (blue). (C-C') Control egg chamber has 
dorsal appendages and no persisting nuclei or NC cytoplasm (arrow). (D-D') Stage 14 
PG150>Diap1RNAi egg chamber failed to undergo NC dumping (arrowhead). (E-F') Stage 
13 egg chambers stained with DAPI (cyan) and LysoTracker (red). (E-E') Control egg 
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chamber with nuclear LysoTracker staining (arrow). Scale bar=50 µm. (F-F') 
PG150>Diap1RNAi egg chamber with LysoTracker staining absent in NC nuclei, although 
it is present in some FCs (arrowhead). (G-H') Stage 13 egg chambers stained with DAPI 
(cyan) and TUNEL (green). (G-G') Control egg chamber with TUNEL positive NC 
nuclei (arrow). (H-H') PG150>Diap1RNAi egg chamber with no TUNEL positive NC 
nuclei. (I-J') Stage 11 egg chambers stained with DAPI (cyan) and Phalloidin (red). (I-I') 
Phalloidin labels cytoplasmic actin network in control egg chamber (arrow). (J-J') 
PG150>Diap1RNAi egg chamber lacks cytoplasmic actin network and a NC nucleus is 
stuck in a ring canal (arrowhead). (K) Quantification of persisting NC nuclei. Data 
presented are mean ± SEM. ****P≤0.0001 (L) Quantification of cytoplasmic dumping. 
(M) Quantification of LysoTracker staining. (N) Quantification of TUNEL (Timmons et 
al., 2016). 
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Figure 3.7 Characterization of egg chambers expressing Diap1RNAi in stretch follicle 
cells 
(A-B') Stage 10 egg chambers stained with DAPI (blue) and TUNEL (green). (A-A') 
Control (FM7/+; tub-GAL80ts/+; UAS-Diap1RNAi/+) has no detectable TUNEL. (B-B') 
Egg chamber that expresses Diap1RNAi specifically in the stretch FCs (PG150-GAL4/+; 
GAL80ts; UAS-Diap1RNAi/+) exhibits TUNEL localized to pyknotic stretch FC nuclei 
(arrows). Scale bar = 50 µm. (C) Time course of persisting NC nuclei and dumpless 
phenotypes. Flies were kept at 29°C for increasing time points to degrade Gal80ts and 
induce Diap1RNAi expression. Phenotype of control (FM7/+; tub-GAL80ts/+; UAS-
Diap1RNAi/+) and PG150>Diap1RNAi stage 14 egg chambers were scored (Timmons et al., 
2016). 
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3.7 Integrins are required for nurse cell clearance 
 One puzzling aspect of our analysis was that nurse cell removal was not 
completely blocked in draper mutants. One possibility is that another receptor acts in 
parallel to draper in late oogenesis. A strong candidate is integrins, which have been 
shown to function during engulfment in C. elegans, mammals, and recently flies (Meehan 
et al., 2015). In flies, there are 7 different integrin subunits that can form different 
combinations of α/ ß heterodimers. Knockdown of most of the integrin subunits did not 
affect programmed cell death in late oogenesis. However, knockdown of either the αPS3 
or ßPS subunit in follicle cells led to moderate to strong persisting nurse cell nuclei 
phenotypes in late oogenesis (Timmons et al., 2016). The knockdown of ßPS had 
additional defects in egg chamber development, so we focused on αPS3, which seemed to 
have a specific defect in nurse cell removal.  
To determine where αPS3 was expressed in late oogenesis, we stained ovaries 
with antibodies against αPS3. In early stages of oogenesis, αPS3 was not detected (Figure 
3.8A) but by stage 11 (Figure 3.8B), αPS3 was specifically detected on stretch follicle 
cell membranes. Staining became more intense during stage 12 and 13 (Figure 3.8C-D), 
resembling the expression and staining pattern of Draper (Timmons et al., 2016). ßPS, 
while expressed at low levels throughout oogenesis, also became enriched on stretch 
follicle cells during stages 10-13. To determine if integrins and Draper functioned in 
parallel in late oogenesis, we generated double mutants and counted persisting nuclei in 
stage 14 egg chambers (Figure 3.9). As we reported previously, the control w1118 had on 
average less than one nurse cell nucleus remaining at stage 14 (Figure 3.9A, E, F). 
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Knockdown of αPS3 in follicle cells led to an average of 3 persisting nurse cell nuclei 
(Figure 3.9B, E, F). The double mutants, draper∆5 (null) combined with the αPS3 RNAi 
knockdown in follicle cells, showed a stronger phenotype than draper alone, with an 
average of 11 persisting nuclei (Figure 3.9C-F). In over 15% of egg chambers, the 
disruption to nurse cell removal was nearly complete with 13-15 nuclei remaining. These 
data indicate that αPS3 acts in parallel to draper for the removal of nurse cell nuclei in 
late oogenesis. The strength of the αPS3 draper double mutant phenotype was 
comparable to the phenotype of the Ced-12 draper double mutant (Timmons et al., 2016), 
suggesting that integrins could act upstream of Ced-12, as has been shown in C. elegans 
(Hsieh et al., 2012). It was intriguing, however, that the double mutants still did not show 
a complete block to nurse cell removal. These findings suggest that there may be 
redundant or compensatory mechanisms, perhaps involving another engulfment receptor, 
or some of the nurse cells may be removed by other mechanisms that do not involve 
phagocytosis genes. 
  
  
87 
 
Figure 3.8 Integrin αPS3 (Scab) is expressed in stretch follicle cells in late oogenesis 
(A-D’) Egg chambers stained with antibodies against αPS3. αPS3 is first detectable 
during stage 11 (arrows, B’), and increases during stages 12-13 (C’-D’) (Timmons et al., 
2017).  
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Figure 3.9 αPS3 and draper act in parallel to remove nurse cells in late oogenesis 
(A-D) Stage 14 egg chambers of the indicated genotypes stained with DAPI to label 
nuclei. (A) The control w1118 does not have persisting nurse cell nuclei. (B-D) Loss of 
engulfment receptors leads to persisting nurse cell nuclei (arrows). (E) Persisting nuclei 
were quantified in stage 14 egg chambers. (F) Data from (E) sorted into bins. PN = 
Persisting Nuclei. Number of egg chambers was >22 for all genotypes (Timmons et al., 
2017). 
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3.8 Lysosomal trafficking genes are required for nurse cell clearance 
Previous work has demonstrated a role for lysosomal trafficking genes such as 
deep orange (dor) in developmental NC death (Bass et al., 2009). dor is a member of the 
HOPS complex that localizes to endosomes and is important for delivery of material to 
lysosomes (Sevrioukov et al., 1999). As we previously reported (Bass et al., 2009), dor 
hypomorphs have defects in NC removal (Figure 3.10A-B, E). Interestingly, we found 
that the requirement for dor is in the FCs. dor GLCs largely showed normal NC removal 
(Figure 3.10C, E), and the expression of dorRNAi specifically in the FCs (GR1 > dorRNAi) 
resulted in persisting NC nuclei (Figure 3.10D-E).  
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Figure 3.10 Lysosomal trafficking gene, deep orange, is required in the follicle cells.  
(A-D) deep orange (dor) is required in the FCs for NC removal. Stage 14 egg chambers 
stained with DAPI (blue). (A) Control (w1118  ) stage 14 egg chamber does not have 
persisting NC nuclei. (B) dor hypomorph (dor4/dor4) stage 14 egg chamber has persisting 
NC nuclei (arrow). (C) dor4 germline clone (GLC) stage 14 egg chamber is normal. (D) 
Knockdown of dor specifically in the FCs (GR1-GAL4/UAS-dorRNAi) causes persisting 
nuclei (arrow). Scale bar=20 µm. (E) Quantification of persisting nuclei. dorRNAi 
quantification includes two distinct RNAi lines. Data presented are mean ± SEM. 
****P<0.0001. Credit A-E: Allison Timmons(Timmons et al., 2016). 
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3.9 Discussion 
 The non-autonomous control of PCD has wide-ranging implications. Prior to this 
study, the role of the phagocytic machinery in promoting cell death has been documented 
in systems where phagocytosis is artificially activated (Etchegaray et al., 2012; Neher et 
al., 2011; Thomson and Johnson, 2010), or acts in cooperation with apoptosis (Hoeppner 
et al., 2001; Li et al., 2012; Reddien et al., 2001). In this work, we have demonstrated that 
a naturally occurring example of non-apoptotic programmed cell death fails to occur 
properly when the phagocytic machinery is disrupted in surrounding cells.  
 In the adult female fly, hundreds of NCs die every day via developmental PCD, 
but previous work ruled out major roles for autonomous apoptosis and autophagy-
dependent cell death mechanisms during late oogenesis (Foley and Cooley, 1998; 
Mazzalupo and Cooley, 2006; Peterson and McCall, 2013; Peterson et al., 2003). We and 
others have previously shown that FCs can be genetically induced to perform phagoptosis 
during mid-oogenesis (Etchegaray et al., 2012; Thomson and Johnson, 2010). Therefore, 
we investigated whether the phagocytic machinery of the FCs might promote the PCD 
and removal of the NCs that occurs naturally during late oogenesis.  Indeed, we found 
that there is a failure in NC removal when phagocytosis is disrupted in the somatic FCs 
that directly surround the NCs. We showed that the phagocytic genes draper and Ced-12 
act in parallel to complete the process of NC removal in late oogenesis, and we identified 
a number of other genes that are important in the FCs for NC removal (Timmons et al., 
2016). We demonstrated that the events associated with the death of the NCs, including 
permeabilization of the nuclear envelope, acidification, and DNA fragmentation, are 
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impaired when phagocytosis genes are inhibited in the FCs. Furthermore, the genetic 
ablation of the stretch FCs caused a near complete failure in NC death, emphasizing their 
central role in NC death. This work suggests that the FCs non-autonomously promote the 
death and removal of the NCs, likely via phagoptosis.   
 Although disruption of the phagocytic machinery largely prevented the removal 
of the NCs, detailed analysis of cellular events was necessary to determine whether the 
FCs affected the death of NCs. One indication that the death of the NCs is non-
autonomously controlled is that the acidification of the NC nuclei is completely disrupted 
when draper and Ced-12 were knocked down in the FCs. These data need to be 
interpreted carefully, however, since acidification is not necessarily indicative of cell 
death, but perhaps degradation of a cell corpse. The presence of lysosomes within the 
membranes of the stretch FCs and the block to acidification of the NCs when 
phagocytosis is impaired in the FCs raises many questions about the role of the 
lysosomes in NC death. Lysosomes may be exocytosed from the FCs, releasing their 
contents to promote NC death. For example, T cells have been shown to exocytose 
lysosomes and their hydrolytic contents into the extracellular space to destroy pathogens 
(Peters et al., 1991; Samie and Xu, 2014). Alternatively, lysosomes could be delivered to 
the plasma membrane of the stretch FCs to allow for rapid membrane growth as the FCs 
stretch around the NCs (Samie et al., 2013). However, an open question is how the tiny 
FCs are capable of destroying the much larger NCs; perhaps multiple stretch FCs fuse 
together to surround individual NCs. Our findings indicate that several stretch FCs 
surround the NCs, and may cooperate to remove individual NCs in a stepwise manner.  
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Further investigation is needed to clarify the role of the lysosomes within the stretch FCs 
during NC death.  
 The first indication that the NCs are dying occurs between stages 10-11 when the 
NC nuclei become permeable (Cooley et al., 1992). This event is clearly separable from 
engulfment, as it occurs prior to the onset of dumping, and prior to envelopment by FCs.  
We found that permeability of the NC nuclear envelope was delayed when draper and 
Ced-12 were knocked down specifically in the FCs (Timmons et al., 2016). Ultimately, 
the NC nuclei did become permeable, suggesting that other pathways can also promote 
NC nuclear permeabilization. These other pathways are also likely to initiate from the 
stretch FCs, as we found that ablation of the stretch FCs blocked all NC death.  
 Ablation of the stretch FCs resulted in a failure in NC dumping, which occurs 
concurrently with NC death. Many genes have been identified as important for NC 
dumping, particularly genes affecting the ring canals and the actin cytoskeleton (Hudson 
and Cooley, 2002). For example, spaghetti squash encodes the regulatory light chain of 
myosin II (RMLC), and must be phosphorylated to promote NC dumping. It has been 
proposed that the FCs release a signal that activates the kinase that phosphorylates 
RMLC (Wheatley et al., 1995). Although both NC death and dumping were disrupted 
when the follicle cells were ablated, it is unlikely that dumping is the signal for death 
because NC death events (namely NC nuclear permeability) are apparent prior to the 
onset of dumping. Furthermore, NCs in other dumpless mutants (e.g. chickadee) have 
TUNEL-positive NC nuclei (Cavaliere et al., 1998; Foley and Cooley, 1998).  It remains 
to be determined how the stretch FCs promote the precise developmental timing of NC 
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death. Moreover, how the FCs become activated to promote dumping and remove NCs is 
not clear; an upstream signal could originate from the oocyte, in the NCs, or from a 
source extrinsic to the ovary itself.  
 Although our experiments aimed at disrupting the phagocytic machinery in the 
FCs caused a severe block to NC death and removal, it did not cause a total block. When 
draper and Ced-12 were knocked down in the FCs, there was an average of ~11 
persisting NC nuclei, meaning that at least 4 NCs per egg chamber were successfully 
eliminated. Knockdown of draper and aPS3 had a comparable phenotype to draper and 
Ced-12 knockdowns (Timmons et al., 2017). This suggests that integrins act upstream of 
Ced-12, as has been shown in C. elegans (Hsieh et al., 2012). While previous work has 
ruled out some autonomous mechanisms including apoptosis and autophagy-dependent 
cell death as major contributors to NC death, mutants do show weak phenotypes 
suggesting that these processes play a minor role. Furthermore, there are likely unknown 
cell-autonomous effectors of developmental NC death. 
 Overall, we demonstrated that the phagocytosis machinery in FCs promotes the 
death and removal of NCs during the late stages of Drosophila oogenesis. To our 
knowledge, this is the first example of developmental PCD that is both non-apoptotic and 
non-cell autonomously controlled.  
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CHAPTER FOUR 
Lysosomal machinery drives extracellular acidification 
 to direct nurse cell phagoptosis 
4.1 Introduction 
Programmed cell death is essential in the development of an organism, for 
elimination of dangerous cells, and to maintain homeostasis (Jacobson et al., 1997). 
Apoptosis is the most heavily studied type of cell death (Galluzzi et al., 2015); however, 
it has recently been proposed that apoptosis may not be the most prevalent form of cell 
death in vertebrate development (Kutscher and Shaham, 2017). Work on non-apoptotic 
forms of cell death over the last decade has culminated in five proposed classifications of 
cell death: apoptotic, autophagy-dependent, necrotic, non-cell autonomous, and atypical 
cell death (Martins et al., 2017).  
Entosis and phagoptosis are both types of cellular cannibalism that fall within the 
non-cell autonomous classification of cell death modalities.  In entosis, internalized cells 
form adherens junctions and invade the neighboring cell, bypassing any requirement for 
conventional phagocytosis machinery (Overholtzer et al., 2007). In contrast, phagoptosis 
utilizes phagocytosis machinery to drive the death of a nearby cell that would otherwise 
continue living (Brown and Neher, 2012, 2014). Phagoptosis has been suggested to 
promote physiological cell deaths such as neuronal loss associated with stroke (Lana et 
al., 2017; Neher et al., 2013), Parkinson’s disease (Barcia et al., 2012), ALS (Liu et al., 
2012), and retinitis pigmentosa (Zabel et al., 2016; Zhao et al., 2015).  
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Developmental germ cell death is a common phenomenon during oogenesis 
throughout metazoans (Peterson et al., 2015; Tilly, 2001). The Drosophila ovary provides 
a particularly powerful in vivo model for non-apoptotic germ cell death, given the large 
size of the cells, genetic tools, and reproducibility of cell death. Each Drosophila ovary is 
comprised of hundreds of developing egg chambers, each composed of 15 germline nurse 
cells (NCs) connected to a single oocyte, surrounded by a layer of follicle cells (FCs) 
(King, 1970). At the end of oogenesis the NCs dump their cytoplasmic contents into the 
oocyte, become surrounded by a subset of FCs called stretch follicle cells (SFCs) (Duhart 
et al., 2017), and are eliminated without the requirement of apoptosis or autophagy genes 
(Peterson and McCall, 2013). We have previously found that the SFCs require phagocytic 
machinery to eliminate the NCs, demonstrating that the NCs die by phagoptosis (Santoso 
et al., 2018; Timmons et al., 2016, 2017); however, our understanding of how NC 
elimination is carried out remained limited.  
Our previous studies revealed a role for lysosomal genes in NC death; however, 
the exact contribution of lysosomal genes was unknown (Bass et al., 2009; Timmons et 
al., 2016). Lysosomes have diverse functions: they are responsible for the degradation of 
materials in endocytosis or autophagy, repairing the plasma membrane through lysosome 
secretion, and metabolic signaling (Settembre et al., 2013). Lysosomes have also been 
linked to cell death. For example, in entosis, lysosomes act as the final executioner as 
they fuse with the internalized cell. Lysosomes contain over 50 acid hydrolases that are 
involved in degradation (Lübke et al., 2009). Of particular interest are cathepsins, which 
are lysosomal proteases that require acidic conditions to be proteolytically active. 
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Cathepsins can also be secreted by some specialized cells such as osteoclasts to degrade 
bone and by cancer cells to facilitate invasion (Baron et al., 1988; Rozhin et al., 1994).  
V-ATPases are a vital component of the lysosome and act to maintain the acidic 
pH by pumping protons into the lumen. V-ATPases are composed of a transmembrane 
complex and a cytoplasmic complex which together hydrolyze ATP to pump protons 
across a membrane (Cotter et al., 2015).  V-ATPases have 13 subunits, encoded by 33 
genes in Drosophila, with many of the genes having tissue specific expression (Allan et 
al., 2005). V-ATPases are well known for their roles in acidification of lysosomes; 
however, V-ATPases also play an important role at the plasma membrane in specific cell 
types in humans such as osteoclasts for bone resorption (Qin et al., 2012), intercalated 
cells in the kidney to regulate systemic pH (Brown et al., 2009), clear cells in the testis to 
maintain acidic luminal fluid (Shum et al., 2009), and cancer cells to acidify the 
extracellular matrix to facilitate invasion (Stransky et al., 2016). 
Here we report the essential role of lysosome-associated genes in NC death. 
Specifically, we show a non-autonomous role for V-ATPases and cathepsins in NC 
acidification and elimination. V-ATPases are enriched and recruited to the plasma 
membrane of the SFCs to extracellularly acidify the NCs and cathepsins are released 
from the SFCs to drive NC degradation, in a manner resembling osteoclast degradation of 
bone. Altogether, this work characterizes a new role for V-ATPases and cathepsins acting 
at the plasma membrane to drive the death of a neighboring cell.  
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4.2 Nurse cells are acidified extracellularly 
Fifteen NCs are connected to each developing oocyte from the earliest stages of 
oogenesis through ring canals formed by incomplete cytokinesis (Spradling, 1993). The 
NCs support the growth and development of the oocyte throughout oogenesis by delivery 
of organelles, proteins and RNA to the oocyte. Near the end of oogenesis, the NCs begin 
to show signs of cell death beginning at stage 10, with distinct changes including 
cytoskeletal rearrangements, the leakage of nuclear material, and nuclear remodeling seen 
by TEM (Cooley et al., 1992; Guild et al., 1997).  During stage 11, the NCs rapidly 
transfer their cytoplasm into the oocyte (Spradling, 1993). The nearby SFCs surround the 
NCs by stage 12 (Duhart et al., 2017), and are required for multiple cell death events in 
the NCs, including cytoskeletal rearrangements and cytoplasm transfer (Timmons et al., 
2016). During stage 12 and 13, the NCs become acidified and DNA is fragmented (Bass 
et al., 2009; Foley and Cooley, 1998). The NCs are subsequently degraded by stage 14, 
leaving the fully intact mature oocyte.  
One of the most unusual cell death events of the NCs is their complete 
acidification (Bass et al., 2009; Timmons et al., 2016). Previously we had determined that 
acidic organelles were detected in SFCs prior to the acidification of the NCs, but it was 
unclear how the NCs became acidified. To investigate how NCs become acidified, we 
recorded time-lapse images of stage 13 egg chambers, the developmental stage when NC 
acidification occurs (Figure 4.1A-E’). SFC membranes were visualized using a SFC-
specific GAL4 to drive expression of a membrane-tethered (myristoylated) GFP. To 
detect acidification of the NCs, egg chambers were labeled with LysoTracker (LT), an 
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acidotropic dye (Timmons et al., 2013). During stage 13, mobile acidic vesicles in the 
SFCs were observed surrounding NCs prior to their acidification. Fixed tissue staining 
also demonstrated an accumulation of acidic vesicles in SFCs before the acidification of 
NCs (Figure 4.1F-G’, Figure 4.2A-E’) (Timmons et al., 2016). The acidic vesicles and 
acidified NCs exhibited a different pattern than lysosomes detected by LAMP1 staining 
(Figure 4.2F-G’). Live imaging over the course of an hour showed the dynamic activity 
and accumulation of LT vesicles in the SFCs before NC acidification (See movie here: 
https://youtu.be/Jd_j-YA2lrY ). 
To further understand the process of NC acidification, we generated flies with a 
membrane bound pH detector, pHRed-CAAX (Figure 4.1H). pHRed is a genetically-
encoded pH sensor (Tantama et al., 2011) modified with a CAAX motif that localizes 
pHRed to the cytoplasmic side of the plasma membrane (Hancock et al., 1991). To 
confirm that pHRed served as an engulfment detector, we expressed it in neurons and 
NCs, and monitored its fluorescence following induction of apoptosis. In both cases 
pHRed was not detected in healthy cells, but was detected as punctate staining adjacent to 
dying cells, suggesting that the dying cell material was taken up and acidified within 
phagosomes (Figure 4.2H-I’). We next characterized pHRed in late stage NCs to 
determine how NCs were acidified during developmental cell death. Unlike the labeling 
from engulfed apoptotic cells, pHRed was first detected along the NC membrane adjacent 
to SFCs, followed by pHRed labeling of entire NC remnants (Figure 4.1I-J’). These two 
distinct phases of pHRed detection indicate that acidification initiates when the NC 
membrane is intact and progresses as the NC membrane is broken down and dispersed 
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throughout the cell. The initial acidification of the membrane suggests that the NCs are 
acidified extracellularly by the FCs and subsequently degraded. 
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Figure 4.1 Nurse cells are surrounded by stretch follicle cells and acidified 
A-E’, Time lapse images of stretch follicle cell (SFC)>myr-GFP (green) stage 13 egg 
chamber labeled with LysoTracker (LT, magenta). LT puncta accumulate around nurse 
cells (NCs) within SFCs (arrowhead) as NC become acidified (arrows) over 60 min. F-
G’, SFC>myr-GFP egg chambers stained with DAPI (cyan) and LT (magenta). F-F’, LT 
puncta accumulate around NCs in stage 12 (arrowhead). G-G’, NCs are acidified in stage 
13 (arrow). H, Diagram of pHRed as an acidification detector, adapted from (Fishilevich 
et al., 2010). pHRed is targeted to the cytoplasmic side of the plasma membrane and 
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fluoresces red upon acidification. I-J’, germline>pHRed egg chambers stained with DAPI 
(cyan). I, Acidification of NC membrane detected by pHRed in stage 12. J, NCs in stage 
13 are pHRed positive. All scale bars = 50 µm. 
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Figure 4.2 Analysis of pH sensitive markers 
A-E’, Comparison of LysoTracker staining and stretch follicle cell progression. 
PG150(SFC)>myr-GFP egg chambers labeled with LT (magenta). SFCs begin to 
surround NCs in stage 11.  LT puncta accumulate around NCs within SFCs beginning at 
stage 12 (arrowhead). NCs become acidified at stage 13 (arrow). LT staining and SFC 
membranes are no longer detected in stage 14. F-G’, Comparison of LysoTracker with 
lysosomal marker LAMP1. PG150(SFC)>myr-GFP egg chambers labeled with LT 
(magenta), LAMP-1 (White), and DAPI (cyan). H-I’, Demonstration of pHRed as an 
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engulfment marker. H-H’, Healthy egg chamber (arrowhead) next to pHRed positive 
dying stage 8 egg chamber (arrow). I-I’, elav (neuronal)>pHRed pupal brain labeled with 
DAPI (cyan). pHRed vesicles associate with regions of cell death in a pupal brain 
(arrows). Scale bars = 50 µm. 
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4.3 V-ATPases are required for acidification and clearance of nurse cells while 
cathepsins are only required for clearance of nurse cells 
Previously, we discovered that lysosomal trafficking genes were required non-
autonomously in the FCs for NC acidification (Timmons et al., 2016). To further 
understand the role of lysosomes in NC elimination, we screened additional lysosome-
associated genes using RNAi to knock down selected genes in the FCs and determine the 
effect on the NCs. The screen revealed a major requirement for vacuolar-type H+-
ATPases (V-ATPases) and cathepsins. While lysosomes are an essential component of 
phagosome maturation, little is known about the potential requirement of lysosomal 
machinery for cell death. Given the unusual acidification of NCs, we tested whether these 
lysosomal components were required for NC acidification and clearance. In normal 
development, NCs are asynchronously acidified and cleared between stages 13 and 14; 
quantification revealed that 50.5% of NCs were acidified in stage 13 and 91.9% were 
cleared by stage 14 (Figure 4.3A-A’, E, F). Knockdown of V-ATPase subunits Vha100-2 
or Vha16-1 in FCs significantly reduced the acidification of NCs in stage 13 egg 
chambers to 6.6% and 5.6% respectively (Figure 4.3B-C, E). In contrast, no acidification 
defect was observed when CP1, the Drosophila ortholog of cathepsin L (Tryselius and 
Hultmark, 1997), was knocked down (Figure 4.3D, E). Knockdown of either of the V-
ATPase subunits or CP1 resulted in persisting NCs (Figure 4.3B’-D’, F). These findings 
suggest a two-step process where V-ATPase activity is required in the SFCs to first 
acidify the NCs and subsequently the SFCs utilize CP1 for NC degradation. 
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Figure 4.3 V-ATPases and Cathepsin L (CP1) are required non-autonomously for 
nurse cell acidification and clearance 
A-D’, Stage 13 and 14 egg chambers labeled with LT (magenta) and DAPI (cyan). A-A’, 
Control FC> LucRNAi stage 13 egg chamber has seven acidified NCs (arrowheads). All 
NCs are eliminated by stage 14. Phase-contrast insets show fully formed dorsal 
appendages in stage 14 egg chambers. B-C’, FC knockdowns of V-ATPase subunits 
Vha16-1RNAi and Vha100-2RNAi have decreased NC acidification in stage 13 egg chambers 
and persisting nuclei in stage 14 egg chambers (arrow). D-D’, FC>CP1RNAi stage 13 egg 
chamber has six acidified NCs (arrowheads) and persisting nuclei in stage 14 egg 
chambers (arrow). All scale bars = 50 µm. E, Quantification of acidification of NCs in 
  
107 
stage 13 egg chambers. F, Quantification of persisting NC nuclei remaining in stage 14 
egg chambers (from 15 NCs per egg chamber). **** P≤0.0001.  
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4.4 V-ATPases are enriched in stretch follicle cells and localize to the plasma 
membrane 
To visualize V-ATPase expression in the ovary, we examined reporter lines for 
several of the subunits. We first examined a Vha68-2 (subunit A) enhancer trap which 
expresses nuclear GFP previously shown to correlate with Vha68-2 expression (Zhang et 
al., 2015). We colabeled egg chambers with an antibody against Eya which is expressed 
specifically in SFCs (Grammont, 2007). In stage 13 egg chambers, we found that Vha68-
2 expression was increased 2.5 fold in SFCs (Figure 4.4A-A’, Figure 4.5A-B) compared 
to other FCs. Colabeling with LT revealed that Vha68-2 expression was particularly 
enriched in SFCs adjacent to acidified NCs (Figure 4.4B-B’). These findings demonstrate 
that V-ATPase expression is enriched in SFCs that are proximal to NCs that are 
becoming acidified. 
 To determine V-ATPase subcellular localization, we examined GFP protein traps 
for VhaSFD (subunit H), Vha13 (subunit G), and Vha44 (subunit C) (Buszczak et al., 
2007; Morin et al., 2001; Nagarkar-Jaiswal et al., 2015).  Null mutants of VhaSFD are 
homozygous lethal (Allan et al., 2005), but VhaSFD-GFP flies are homozygous viable, 
suggesting that the subunit functions normally with the GFP tag. All three of these V-
ATPase protein traps had similar enrichment in SFCs like the Vha68-2 enhancer trap but 
surprisingly, they localized to the plasma membrane of the SFCs (Figure 4.4C-C’, Figure 
4.6A-C’, Figure 4.7A-F’’’) rather than lysosomes (Figure 4.2F-G’). 
Immunohistochemistry with an antibody against ATP6V1B1, the human homolog of 
Vha55 (subunit B), also demonstrated an enrichment at the SFC plasma membrane 
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(Figure 4.4D-D’). Taken together, these data demonstrate that V-ATPases are enriched in 
SFCs and localize to the plasma membrane. The localization of V-ATPases is different 
than either LT or LAMP1 staining (Figure 4.1, Figure 4.2), suggesting that V-ATPases 
are not delivered to the membrane by lysosome fusion. This localization combined with 
their requirement for NC acidification suggests that they function by extracellularly 
acidifying the nearby NCs, similar to V-ATPases acting at the plasma membrane in bone 
resorption or cancer cell invasion.  
 In human osteoclasts, V-ATPases are the primary proton pumps driving 
acidification of bone; however, to prevent a large difference in membrane potential a 
chloride pump is also present at the plasma membrane (Graves et al., 2008). Loss of the 
chloride channel (CLCN7) in humans leads to inefficient acidification of bone and leads 
to osteopetrosis (Kornak et al., 2001). The Drosophila ortholog of CLCN7 is ClC-b and it 
has been previously studied for its role in endolysosomes (Wong et al., 2017). To 
determine the expression and localization of ClC-b we utilized a GFP protein trap. In 
stage 13 egg chambers, we found that ClC-b was enriched specifically in the SFCs and 
localized to the membrane as the NCs were becoming acidified (Figure 4.4E-E’). 
Altogether, this suggests that the SFCs may be utilizing the same machinery as 
osteoclasts for extracellular acidification.  
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Figure 4.4 V-ATPases are enriched in stretch follicle cells and localize to the plasma 
membrane 
A-A’, Z-projection of Vha68-2-GFP enhancer trap (green, arrowhead) stage 13 egg 
chamber labeled with anti-Eya (magenta). Scale bar = 50 µm. B-B’, Z-projection of 
Vha68-2 enhancer trap (green, arrowhead) stage 13 egg chamber labeled with DAPI 
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(cyan) and LT (magenta, arrow). C-C’, Vha44-GFP (green) stage 12 egg chamber 
labeled with LT (magenta) and DAPI (cyan). D-D’, FC>mCD8-GFP (green) stage 13 egg 
chamber stained with anti-Vha55 (magenta) and DAPI (cyan). E-E’, ClC-b-GFP (green) 
stage 13 egg chamber labeled with LT (magenta) and DAPI (cyan).  
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Figure 4.5 Vha68-2 enrichment in stretch follicle cells 
A-A’, Vha68-2-GFP enhancer trap (green) stage 10-14 egg chambers with DAPI (cyan). 
B, Vha68-2 GFP intensity (arbitrary units) in follicle cells (n=33) and stretch follicle 
cells (n=29). Two-tailed students t-test, data are mean +/- SEM. **** P≤0.0001. Scale 
bar = 50 µm. 
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Figure 4.6 VhaSFD, Vha44, and Vha13 enrichment and localization in stretch 
follicle cells 
A-A’, VhaSFD-GFP protein trap (green) stage 10-14 egg chambers with DAPI (cyan). B-
B’, Vha44-GFP protein trap (green) stage 10-14 egg chambers with DAPI (cyan). C-C’, 
Vha13-GFP protein trap (green) stage 10-14 egg chambers with DAPI (cyan). Scale bar = 
50 µm.  
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Figure 4.7 V-ATPases localize to the plasma membrane of stretch follicle cells 
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A-F’’’ Egg chambers expressing PG150(SFC)>myr-RFP (magenta) and the indicated 
V-ATPase subunit protein traps (green) stained with DAPI (cyan). A-A’’’, C-C’’’, E-
E’’’ are lower magnification images with early stage egg chambers (arrowheads) 
compared to stage 13 egg chambers (arrow). The V-ATPase GFP protein traps are 
enriched in the SFCs of stage 13 egg chambers.  B-B’’’, D-D’’’, F-F’’’ are higher 
magnification images of the stage 13 egg chambers. The V-ATPase GFP protein traps 
are localized to the stretch follicle cell plasma membrane (arrow). Insets show higher 
magnification of the overlap of V-ATPase GFP (green) and stretch follicle cell plasma 
membrane (magenta). Scale bars = 50 µm. 
  
  
116 
4.5 V-ATPases and cathepsins are non-autonomously required for DNA 
fragmentation of nurse cells 
Previously we found that disruption of phagocytosis genes in SFCs led to a block 
in both NC acidification and DNA fragmentation visualized by TUNEL (Timmons et al., 
2016).  To explore the role of acidification in DNA fragmentation, we performed TUNEL 
on V-ATPase and CP1 knockdowns. In control stage 13 egg chambers, 60.9% of NCs 
labeled positively with TUNEL.  Knocking down V-ATPase subunits or CP1 
significantly reduced TUNEL positive NCs to 8.56% (Vha16-1), 18.15% (Vha100-2), 
and 22.24% (CP1) (Figure 4.8A-E). Thus, we conclude that V-ATPase activity and CP1 
are both required for DNA fragmentation, a defining step of cell death (Galluzzi et al., 
2015).  
To visualize FC derived CP1 during NC death we expressed an HA-tagged CP1 
and a membrane-tethered GFP in the FCs. Initially, CP1 formed aggregates within the 
FCs, however we also discovered that CP1 was released from the FCs into some of the 
NCs in stage 13 (Figure 4.8F-F’’’). Cathepsins are active only in acidic conditions, so we 
examined whether the NCs containing FC-derived CP1 were acidified. Consistently, 
acidified NCs contained CP1 that had been released from the FCs, whereas NCs that had 
not yet been acidified did not contain CP1 (Figure 4.8G-G’’’).  
 To determine whether cathepsins were released from FCs via exocytosis, we 
knocked down two SNARE proteins associated with exocytosis, Snap24 and Syx6 
(Littleton, 2000; Niemeyer and Schwarz, 2000). We detected CP1 with an antibody 
which localized similarly to the CP1-HA construct (Figure 4.9A-A’’). Quantification of 
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the amount of CP1 localized in NCs revealed a significant decrease when Snap24 or Syx6 
was knocked down in the FCs (Figure 4.9B-E). Additionally, knockdown of either of 
these genes resulted in persisting nuclei (Figure 4.9F).  
Altogether, our findings suggest that CP1 is released from the FCs following NC 
acidification and both the acidification by V-ATPases and proteolytic activity of CP1 are 
required for the DNA fragmentation and elimination of the NCs.  
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Figure 4.8 Cathepsin L is released by SFCs and required for nurse cell DNA 
degradation 
A-D, Stage 13 egg chambers labeled with TUNEL (magenta, arrows) and DAPI (cyan). 
E, Quantification of TUNEL positive NC nuclei in stage 13 egg chambers. **** 
P≤0.0001. F-F’’’, FC>mCD8-GFP, CP1-HA stage 13 egg chamber labeled with anti-HA 
(magenta) and DAPI (cyan). CP1-HA (magenta) is produced in the FCs (green, 
arrowhead) and released into the NCs (arrow). G-G’’’, FC>CP1-HA egg chambers 
labeled with LT (magenta) and DAPI (cyan). CP1 is detected within LT-positive NCs 
(arrows) and not LT-negative NCs (arrowhead). Scale bars = 50 µm.  
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Figure 4.9 Snap24 and Syx6 are required for nurse cell removal and CP1 release 
A, PG150(SFC)>myr-GFP (green) stage 13 egg chamber labeled with anti-CP1 
(magenta) and DAPI (cyan). CP1 is present in nurse cells (arrows) and stretch follicle 
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cells (arrowheads). Inset shows CP1 localization inside nurse cell and stretch follicle 
cell. B-D, Stage 13 egg chambers from RNAi knockdowns labeled with anti-CP1 
(magenta) and DAPI (cyan). In the control (B-B’) CP1 surrounds some of the nurse 
cells (arrowheads) and is in other nurse cells (arrows). In the Snap24 and Syx6 
knockdowns, CP1 is predominantly in the SFCs. E, Quantification of CP1 pixels 
which overlap nurse cell nuclei. The amount of CP-1 in nurse cells is lower in the 
Snap24 and Syx6 knockdowns compared to the Luc control. Sample size: GR1 
(FC)>LucRNAi, n = 20; GR1(FC)>Snap24RNAi, n= 22; GR1(FC)>Syx6RNAi, n = 24. Two-
tailed students t-test, data are mean +/- SEM. **** P<0.0001 and *** P<0.005. F, 
Quantification of persisting nurse cell nuclei in stage 14 egg chambers. Sample size: 
GR1 (FC)>LucRNAi, n = 84; GR1(FC)>Snap24RNAi, n= 41; GR1(FC)>Syx6RNAi, n = 51. 
Two-tailed students t-test, data are mean +/- SEM. **** P<0.0001. Scale bars = 50 µm. 
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4.6 Discussion 
Phagoptosis is defined as a type of cell death that requires phagocytosis 
machinery (Brown and Neher, 2012). We have previously demonstrated that NC death 
requires phagocytic machinery such as Draper and Ced-12 (Santoso et al., 2018; 
Timmons et al., 2016). In the present study, we identified lysosome-associated genes 
required by the SFCs that non-autonomously control the elimination of NCs. To our 
knowledge, this is the first example of V-ATPases at the plasma membrane driving 
acidification and subsequent cathepsin release to destroy a nearby cell (Figure 4.10). 
These findings suggest that signaling from the phagocytic machinery promotes this novel 
use of lysosomal proteins in NC elimination.  Whether other examples of phagoptosis use 
the lysosomal machinery in this way remains to be determined. 
V-ATPases are enriched at the plasma membrane of several specialized cell types 
in humans such as osteoclasts, intercalated cells, clear cells, and some cancer cells. In 
insects, V-ATPases can be found on the plasma membranes of cells in certain tissues 
such as Malpighian tubules (Bertram and Wessing, 1994; Day et al., 2008) and vas 
deferens (Bebas et al., 2002) to regulate pH, or in earlier stages of oogenesis to play a 
role in bioelectric patterning (Krüger and Bohrmann, 2015). The specific isoforms 
associated with the plasma membrane V-ATPase holoenzyme have previously been 
identified (Allan et al., 2005). In this paper we demonstrated that seven of these plasma 
membrane associated V-ATPase subunits (Vha16-1, Vha100-2, Vha68-2, VhaSFD, 
Vha13, Vha44, Vha55) are either enriched in the SFCs, localize to the SFC membrane, or 
are required for NC acidification.  
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Our previous work also highlighted Draper as being required for both the 
presence of LT vesicles in SFCs and NC acidification, suggesting that Draper initiates 
this process (Timmons et al., 2016).  Other studies have demonstrated a link between 
Draper and autophagy genes (Etchegaray et al., 2016; McPhee and Baehrecke, 2010). 
Further work will need to be done to elucidate the upstream signaling components 
required to promote the phagoptotic potential of V-ATPases and cathepsins, and the role 
of SFC LT vesicles preceding NC acidification.  
The findings reported here suggest a novel role for membrane-localized V-
ATPases and cathepsin release in promoting cell death via phagoptosis. We have 
demonstrated that this mechanism is used during developmental NC death, but this 
mechanism may be used more broadly in other cell deaths that have been found to be 
non-apoptotic. Developmental germ cell death occurs in many organisms ranging from 
Hydra (Baum et al., 2005) to humans (Baker, 1963) and it is possible that surrounding 
somatic cells could contribute to the death of the germ cells in these other species.  Our 
work also brings up the intriguing possibility that the lysosomal machinery can be 
harnessed to murder neighboring cells in other contexts. 
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Figure 4.10 – Model of Nurse Cell Phagoptosis 
Stretch follicle cells recruit V-ATPases and chloride channels to their plasma membrane 
to extracellularly acidify the germline and release cathepsins that destroy the nurse cells. 
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CHAPTER FIVE 
Regulation of lysosomal components and related genes in nurse cell death 
5.1 Introduction 
Previous work has demonstrated a role for lysosomal trafficking genes in nurse 
cell death and removal (Bass et al., 2009; Timmons et al., 2016). The work in chapter 4 
uncovered additional lysosomal components that are required for nurse cell death; 
however, the regulation of these genes was not understood. In humans, autophagy and 
lysosomal genes are regulated by the Microphthalmia family (MiT/TFE) of transcription 
factors (MITF, TFEB, TFEC, TFE3) (Figure 5.1) (Yang et al., 2018). In Drosophila, only 
a single MiT family member exists – Mitf (Zhang et al., 2015). Phosphorylation of Mitf 
by TORC1 causes cytoplasmic sequestration and a decrease in Mitf activity (Figure 5.2) 
(Zhang et al., 2015). Drosophila Mitf directly regulates at least one V-ATPase gene for 
every subunit, thus is able to create a fully functional V-ATPase (Zhang et al., 2015).  
V-ATPase localization is determined by the expression of a specific set of subunit 
isoforms. Previous work in Drosophila has identified the specific V-ATPase subunit 
isoforms that are associated with the plasma membrane (“the plasma-membrane V-
ATPase holoenzyme”) in the Malpighian tubules (Allan et al., 2005). Here we report a 
requirement for Mitf in nurse cell removal and characterize the V-ATPase holoenzyme 
that is enriched in stretch follicle cells during nurse cell acidification and elimination. 
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Figure 5.1 – Autophagy and lysosomal gene regulation 
Model of MiT/TFE transcription factors regulating autophagy and lysosome genes. 
Figure from (Yang et al., 2018).  
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Figure 5.2 – Model of MITF regulation in Drosophila 
(Left) TORC1 activity decreases as nutrients become scarce. MITF translocates to the 
nucleus and activates V-ATPase expression. (Right) An increase of TORC1 activation 
(and localization to the lysosome) will phosphorylate MITF, sequestering it in the 
cytoplasm and decreasing V-ATPase gene expression.  Figure from (Zhang et al., 2015). 
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 5.2 A targeted screen of lysosome-associated genes 
 To determine the role of lysosomes in nurse cell removal, we performed an RNAi 
screen of lysosome-associated genes. We manually curated a list of lysosome-associated 
genes by researching the literature and crossed each RNAi line to GR1-GAL4 with G89 (a 
GFP protein trap to positively mark egg chambers that have GR1-GAL4). We scored the 
persisting nuclei of each stage 14 egg chamber. We found 26 RNAi lines had no 
phenotype, 7 RNAi lines with a weak phenotype, 4 RNAi lines with a moderate 
phenotype, 2 RNAi lines with a strong phenotype, 5 RNAi lines with a very strong 
phenotype, and 3 RNAi lines that were lethal (Table 5.1). GR1-GAL4 also drives 
expression in the gut (data not shown), it is likely the lethal phenotype we recorded were 
due to the inability of the midgut to appropriately regulate acidification since the 
Drosophila midgut relies on V-ATPases to maintain a low pH (Overend et al., 2016). 
These findings highlight the importance of lysosomal function in stretch follicle cells for 
nurse cell removal. 
To investigate nurse cell acidification, we followed up with a targeted screen of 
V-ATPase subunits. We screened through 13 different V-ATPase genes and found 
knockdown of subunits ‘a’, ‘c’, or ‘C’ each caused a moderate to severe persisting nuclei 
phenotype (Table 5.2). These findings suggested a role for V-ATPases in nurse cell 
removal. We further analyzed V-ATPase expression and localization by using enhancer 
traps, protein traps, and antibody staining (Table 5.3, chapter 4).  Altogether, these 
findings uncover a role for lysosome genes acting non-autonomously in the stretch 
follicle cells for nurse cell elimination.  
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Genotype Source Phenotype 
GR1G89; Lamp1 RNAi (HMS01802) BL: 38335 None 
GR1G89; VPS4 RNAi (HM04061) BL:  31751 None 
GR1G89; Syntaxin 8 RNAi (JF02038) BL: 26013 None 
GR1G89; Snap25 RNAi (JF02615) BL: 27306 None 
GR1G89; hpo RNAi (JF02740) BL: 27661 None 
GR1G89; Cathepsin B1 RNAi (HM05090) BL: 28602 None 
GR1G89; Charged MVB1 RNAi (HM05117) BL: 28906 None 
GR1G89; Syx4 RNAi (JF01460) BL: 31667 None 
GR1G89; trmp1 RNAi (JF01466) BL: 31673 None 
GR1G89; Rho1 RNAi (HMS00375) BL: 32383 None 
GR1G89; 26-29p RNAi (HMS00675) BL: 32887 None 
GR1G89; Sbf RNAi (HMS00709) BL: 32919 None 
GR1G89; Dpp RNAi (HMS00011) BL: 33618 None 
GR1G89; Ref(2)P RNAi (HMS00938) BL: 33978 None 
GR1G89; Lamp1 RNAi (GLV21040) BL: 35675 None 
GR1G89; Vps45 RNAi (HMS01696) BL: 38252 None 
GR1G89; Lamp1 RNAi (HMS01698) BL: 38254 None 
GR1G89; Snx1 RNAi (HMS01763) BL: 38301 None 
GR1G89; Shrub RNAi (HMS01767) BL: 38305 None 
GR1G89; Vti RNAi (HMS01727) BL: 38526 None 
GR1G89; Vps25 RNAi (HMS01769) BL: 38937 None 
  
129 
GR1G89; Vha26 RNAi (HMS01912) BL: 38996 None 
GR1G89; Fas1 RNAi (HMS02580) BL: 42887 None 
GR1G89; Vamp7 RNAi (GL01524) BL: 43543 None 
GR1G89; Rab27 RNAi (GLC01655) BL: 50537 None 
GR1G89; CathepsinD RNAi (HM05189) BL: 28978 Weak 
GR1G89; Syt 1 RNAi (JF01234) BL: 31289 Weak 
GR1G89; Rab27 RNAi (JF02165) BL: 31887 Weak 
GR1G89; ALiX RNAi (HMS00298) BL: 33417 Weak 
GR1G89; Mitf RNAi (HMS00151) BL: 34835 Weak 
GR1G89; Rab27 RNAi (HMS01523) BL: 35774 Weak 
GR1G89; Vamp7 RNAi (HMS01762) BL: 38300 Weak 
GR1G89; Cathepsin B1 RNAi (HMS00906) BL: 33953 Moderate 
GR1G89; Lamp1 RNAi (HMS01802) BL: 38335 Moderate 
GR1G89; CP1 RNAi (HMS02336) BL: 41939 Moderate 
GR1G89; MITF RNAi Pignoni Lab Moderate 
GR1G89; VPS25 RNAi (JF02055) BL: 26286 Strong 
GR1G89; WASP RNAi (JF01975) BL: 25955 Very Strong 
GR1G89; Vps25 RNAi (JF02055) BL: 26286 Very Strong 
GR1G89; Rab 7 RNAi (JF02377) BL: 27051 Very Strong 
GR1G89; Spinster RNAi (JF02782) BL: 27702 Very Strong 
GR1G89; Yki RNAi (JF03119) BL: 31965 Very Strong 
GR1G89; CP1 RNAi (HMS00725) BL: 32932 Lethal 
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GR1G89; VhaAC45 (HMS01717) BL: 38522 Lethal 
GR1G89; Vha16-1RNAi (HMS02171) BL: 40923 Lethal 
 
None 0-10% Stage 14 Egg Chambers have >4PN 
Weak 10-25% Stage 14 Egg Chambers have >4PN 
Moderate 25-50% Stage 14 Egg Chambers have >4PN 
Strong 50-75% Stage 14 Egg Chambers have >4PN 
Very Strong 75-100% Stage 14 Egg Chambers have >4PN 
Lethal   
 
Table 5.1 – RNAi screen of lysosome-associated gene 
Lysosome-associated genes were selected based on a literature search and crossed to 
GR1-GAL4, G89 (GFP protein trap to label egg chambers that also have GR1-GAL4).  
Persisting nuclei were counted in stage 14 egg chambers.  
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Stocks Gene Subunit Phenotype 
BL 38996 (HMS01912) Vha26 E None 
BL 33884 (HMS00821) Vha44 C Moderate 
BL 35029 (HMS01442) VhaAC39-1 d Mid Death, No Late 
BL 40896 (HMS02144) VhaSFD H None 
BL 40923 (HMS02171) Vha16-1 c Very Strong (Gal80) 
BL 38522 (HMS01717) VhaAC45 AC45 SFCs Die 
BL 34582 (HMS01056) Vha68-2 A Mid Death, No Late 
BL 31723 (HM04032) Vha100-5 a None 
BL 40884 (HMS02132) Vha55 B None 
BL 26290 (JF02059) Vha100-1 a Very Strong (Gal80) 
BL 57860 (HMJ21907) Vha100-1 a Very Strong (Gal80) 
BL 62990 (HMJ30067) Vha100-5 a None 
BL 64021 (HMS05357) Vha100-4 a None 
BL 64589 (HMC05608) Vha100-2 a Very Strong (Gal80) 
 
Table 5.2 – Targeted V-ATPase RNAi screen 
V-ATPase RNAi for several V-ATPase subunits were crossed to GR1-GAL4, G89 
(protein trap to label egg chambers that also have GR1-GAL4).  Persisting nuclei were 
counted in stage 14 egg chambers.   
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Domain Subunit Genes Tested by 
V1 
A 
vha68-1 (CG12403) 
 
vha68-2 (CG3762) Enhancer Trap 
vha68-3 (CG5075) 
 
B vha55 (CG17369) Antibody Staining 
SFD (H) vhaSFD (CG17332) Protein Trap 
C vha44 (CG8048) Protein Trap and RNAi 
D 
vha36-1 (CG8186) 
 
vha36-2 (CG13167) 
 
vha36-3 (CG8310) 
 
E vha26 (CG1088) 
 
F 
vha14-1 (CG8210) 
 
vha14-2 (CG1076) 
 
G vha13 (CG6213) Protein Trap 
V0 
a 
 
vha100-1 (CG1709) RNAi 
vha100-2 (CG7679) RNAi 
vha100-3 (CG30329)  
vha100-4 (CG7678) 
 
vha100-5(CG12602)  
c 
vha16-1 (CG3161) RNAi 
vha16-2 (CG32089) 
 
vha16-3 (CG32090) 
 
vha16-4 (CG9013) 
 
vha16-5 (CG6737) 
 
PPA1 (c") 
vhaPPA1-1 (CG7007) 
 
vhaPPA1-2 (CG7026)  
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M9.7 (e) 
vhaM9.7-1 (CG1268)  
vhaM9.7-2 (CG7625) 
 
vhaM9.7-3 (CG11589)  
vhaM9.7-4 (CG14909)  
AC39 (d) 
vhaAC39-1 (CG2934) 
 
vhaAC39-2 (CG4624)  
Accessory 
AC45 vhaAC45(CG8029) 
 
M8.9 vhaM8.9(CG8444) 
 
 
Table 5.3 – Analysis of Drosophila V-ATPase genes  
A list of all of the Drosophila V-ATPase genes (Allan et al., 2005) and how they were 
analyzed. A complete V-ATPase holoenzyme is composed of 8 V1 subunits and 5 V0 
subunits. We targeted 7 of the required 13 subunits required for a complete V-ATPase 
holoenzyme (the role of accessory subunit is unclear). Previous lab member, Victoria 
Jenkins, performed RNA-seq on whole ovaries, genes that are in bold had detectable 
RNA. At least 1 gene for each subunit had detectable expression in the Drosophila ovary 
(Credit for RNA-seq data: Victoria Jenkins).   
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5.3 V-ATPase localization and overexpression 
 In humans, the ‘a’ subunit of the V-ATPase is proposed to control localization, 
but overall the mechanism of localization is poorly understood (Stransky et al., 2016). 
Humans have 4 isoforms of the ‘a’ subunit - ATP6v0a1, ATP6v0a2, TCIRG1, ATP6v0a4. 
TCIRG1 and ATP6v0a4 are each associated with localizing V-ATPases to the plasma 
membrane in specialized cell types. In osteoclasts, TCIRG1 directs V-ATPase 
localization to the plasma membrane and defects in TCIRG1 are associated with 
osteopetrosis (Frattini et al., 2000). TCIRG1 is overexpressed in some invasive cancer 
lines and knockdown is sufficient to reduce invasiveness and plasma membrane V-
ATPase localization (Capecci and Forgac, 2013).  
To modulate V-ATPase localization in stretch follicle cells, we overexpressed 
TCIRG1 and ATP6v0a4 in follicle cells using GR1-GAL4. Overexpression of TCIRG1 in 
follicle cells caused all egg chambers to die in mid-oogenesis and ATP6v0A4 
overexpression was lethal (data not shown). We overexpressed each of the subunits in 
only stretch follicle cells using PG150-GAL4 (Figure 5.3). PG150>TCIRG1 egg 
chambers developed normally and stage 14s did not contain persisting nuclei. 
Additionally, TCIRG1 (and likely the entire V-ATPase) localized to the plasma 
membrane of stretch follicle cells in stage 13. PG150>ATP6v0a4 egg chambers resulted 
in a strong persisting nuclei phenotype. Additionally, staining for ATP6v0a4 revealed a 
perinuclear localization. We suspect overexpression of ATP6v0a4 caused mis-
localization of V-ATPases to lysosomes in a perinuclear localization, thereby leading to a 
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failure in acidification and clearance of nurse cells. Further work to confirm V-ATPase 
localization and nurse cell acidification should be performed.   
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Figure 5.3 – Overexpression of human V-ATPase subunits 
(A-A’) PG150-GAL4 > UAS-TCIRG1-HA egg chambers. (A) Stage 14 egg chambers 
stained with DAPI. Egg chambers have no persisting nuclei and fully formed dorsal 
appendages (white arrows). (A’) Stage 13 egg chambers stained with a-HA to label 
TCIRG1. TCIRG1 localizes to the stretch follicle cell plasma membrane (arrow heads). 
(B-B’) PG150-GAL4 > UAS-ATP6v0a4 egg chambers. (B) Stage 14 egg chambers 
stained with DAPI. Egg chambers have persisting nuclei (red arrows). (B’) Stage 13 egg 
chambers stained with a-HA to label ATP6v0a4. ATP6v0a4 shows a perinuclear 
localization in stretch follicle cells.  
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5.4 Mitf is required for nurse cell acidification and clearance 
To determine if Mitf, a transcription factor that regulates V-ATPase expression, is 
required for nurse cell elimination, we knocked down Mitf. We found a significant 
increase in persisting nurse cell nuclei in stage 14 egg chambers (Figure 5.4). 
Additionally, we found a significant decrease in acidified nurse cells in stage 13 egg 
chambers (Figure 5.5). Thus, we conclude that Mitf likely increases the expression of V-
ATPases in stretch follicle cells to acidify the nurse cells. To probe Mitf activity in 
stretch follicle cells, we performed a targeted RNAi screen of TORC1 regulators that has 
been shown to modulate Mitf activity in the Drosophila salivary gland (Zhang et al., 
2015). In Zhang et al., knockdown of positive TORC1 regulators (RagA-B, RagC-D) 
shifted MITF localization to the nucleus and knockdown of negative TORC1 regulators 
(gig, TSC1) shifted MITF localization to the cytoplasm. Knockdown of both positive and 
negative TORC1 regulators in the follicle cells led to persisting nurse cell nuclei in stage 
14 egg chambers (Table 5.4). A commercially available antibody to measure Mitf 
localization was used in Zhang et al., but Mitf was only detectable if overexpressed 
(Zhang et al., 2015). Overexpression of Mitf in follicle cells induced a persisting nuclei 
phenotype (data not shown). Overall, these results suggest Mitf regulation is carefully 
controlled and either an increase or decrease in Mitf activity negatively effects nurse cell 
removal.  
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Figure 5.4 Mitf knockdown 
Quantification of persisting nurse cell nuclei remaining in stage 14 egg chambers (from 
15 NCs per egg chamber from control (GR1>LuciferaseRNAi) and MITF knocked down in 
follicle cells (GR1>MITFRNAi).  **** P≤0.0001  
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Figure 5.5 Decreased acidification of nurse cells when MITF is knocked down 
Follicle cell knockdown of MITF (GR1>MITFRNAi) have decreased nurse cell 
acidification in stage 13 egg chambers compared to control (GR1>LuciferaseRNAi). **** 
P≤0.0001  
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Table 5.4 – RNAi screen of TORC1 regulators 
RNAi for MITF regulators were crossed to GR1-GAL4, G89 (protein trap to label egg 
chambers that also have GR1). Negative regulators shift MITF localization to cytoplasm 
and positive regulators promote translocation to the nucleus. Persisting nuclei were 
counted in stage 14 egg chambers.  
Genotype Stocks Phenotype 
TORC1 
Regulation 
GR1G89; MITF RNAi Pignoni Lab Strong N/A 
GR1G89; gig RNAi (HM04083) BL 31770 Weak Negative 
GR1G89; RagA-B RNAi (HMS01064) BL 34590 Strong Positive 
GR1G89; RagC-D RNAi (HMS00333) BL 32342 Strong Positive 
GR1G89; TSC1 RNAi (JF01256) BL 31309 Strong Negative 
GR1G89; TSC1 RNAi (JF01262) BL 31314 Strong Negative 
GR1G89; TSC1 RNAi (GL00012) BL 35144 Moderate Negative 
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 5.5 Discussion 
In total, we have carried out an RNAi screen of lysosome-related genes to 
determine the role of these genes in nurse cell phagoptosis. Interestingly, we found a 
weak phenotype with many of the cathepsin knockdowns (CP1, CtsB1, and CathD), 
suggesting they act in cooperation to eliminate nurse cell material. Additionally, we 
found that Mitf, a transcription factor required for lysosomal biogenesis, is required for 
this process. Mitf is likely activated and drives the enrichment of lysosomal proteins in 
the stretch follicle cells prior to phagoptosis. Furthermore, we have analyzed 12 different 
V-ATPase subunits by RNAi and found that four had strong nurse cell phenotypes. Three 
of the four are members of the plasma membrane V-ATPase holoenzyme (Allan et al., 
2005). We also found that four V-ATPase subunits, also reported to be components of the 
plasma membrane holoenzyme, were enriched and/or membrane localized in stretch 
follicle cells. The work in Chapter 4 and 5 demonstrate that seven plasma membrane 
associated V-ATPase subunits (half of the components in the holoenzyme) are either 
enriched in the stretch follicle cells, localize to the stretch follicle cell membrane, or are 
required for nurse cell acidification. Altogether, this work provides additional insight into 
the contribution of lysosome-associated genes acting in the stretch follicle cells for nurse 
cell elimination.  
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CHAPTER SIX 
Identifying pro-death signaling molecules in phagoptosis 
6.1 Introduction 
Draper, an engulfment receptor signaling through the JNK pathway, has been 
shown to regulate engulfment in mid-oogenesis (Etchegaray et al., 2012). draper has also 
been found to be required in the stretch follicle cells for the proper death and clearance of 
nurse cells in late oogenesis (Timmons et al., 2016). During mid-oogenesis, 
overexpression of draper or JNK kinase in follicle cells induces phagoptosis of nurse 
cells. Interestingly the death occurs before the engulfment, suggesting that the follicle 
cells send a signal to the nurse cells to initiate death (Etchegaray et al., 2012). Little is 
known about the activation of Draper and other pro-death signaling molecules that 
promote nurse cell death.  
Our work, as shown in chapter 3, has found that the stretch follicle cells are 
required for the proper dumping, death and clearance of nurse cells. Therefore, we took a 
global proteomics approach to identify signaling molecules acting in stretch follicle cells. 
To uncover transmembrane receptors and secreted proteins, which may orchestrate the 
dumping, death, and clearance of nurse cells, we isolated and identified stretch follicle 
cell proteins in the endoplasmic reticulum (ER) through biotin labeling, affinity 
purification, and mass spectrometry. This chapter describes how we have (1) successfully 
developed a method for isolating secreted and transmembrane proteins in vivo, (2) 
determined which proteins are enriched in SFCs compared to FCs, and (3) confirmed 
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enrichment or requirement of these proteins by using IHC to verify protein enrichment or 
RNAi to knock down and demonstrate a requirement for the proteins.  
6.2 Proximity-dependent protein labeling 
Transmembrane proteins and secreted proteins are trafficked together through the 
ER and golgi (Simpson et al., 2007a), and the sum of all secreted and transmembrane 
proteins from a specific population of cells is termed the secretome (Mukherjee and 
Mani, 2013). In previous in vivo secretome studies, the ER and golgi have been isolated 
by tissue fractionation (centrifugation) (Gilchrist et al., 2006). This approach is 
unfortunately limited by the technique used to isolate organelles, which is prone to 
contamination from other organelles; up to twenty percent of isolated proteins through 
this method are contaminants (Gilchrist et al., 2006; Simpson et al., 2007b). Additionally, 
other secretome studies have isolated proteins from both the golgi and ER (Benham, 
2012). Although some secretory proteins take a non-canonical pathway, bypassing the 
golgi (Malhotra, 2013), therefore the ER is a better target for isolating the secretome.  
Rhee et al. has developed a technique to biotinylate proteins within an organelle 
using an engineered ascorbate peroxidase (APEX), enabling the identification of the 
proteome within an organelle (Rhee et al., 2013). Adding biotin-phenol and hydrogen 
peroxide (H2O2) to tissue containing APEX catalyzes a reaction generating biotin-
phenoxyl radicals that will bind nearby proteins. (Figure 6.1). To determine which amino 
acids are labeled by the biotin-phenoxyl radicals, Rhee et al. incubated biotin-phenoxyl 
radicals with each individual amino acid and analyzed the product by mass spectrometry. 
Of the 20 amino acids, only biotin-phenol-tyrosine products were detected (Rhee et al., 
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2013). Fortunately, predictions suggest over 90% of proteins have a surface-exposed 
tyrosine (Rhee et al., 2013).  
APEX was first successfully utilized in HEK293 cells to determine the proteome 
of the mitochondrial matrix and intermembrane space (Hung et al., 2014; Rhee et al., 
2013). Briefly, a signal sequence was attached to APEX to localize it to the mitochondria, 
the biotinylation reaction was performed, and biotinylated proteins were isolated and 
identified by mass spectrometry (Hung et al., 2016). More recently APEX has been 
successfully utilized in vivo (by expressing Mito-APEX via the Gal4/UAS system in 
Drosophila muscle) to determine the mitochondrial matrix proteome (Chen et al., 2015). 
Importantly, this technique allows for high spatial (nanometer) and temporal (1 minute) 
resolution which allows for quick snapshots of proteins within a certain cellular organelle 
or region (Rhee et al., 2013).  
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Figure 6.1 APEX labeling of mitochondrial proteome 
Diagram of APEX labeling in mitochondria. Cells are transfected with an APEX 
construct with a mitochondria localization signal (mito-APEX).  Mito-APEX (green) 
localizes to the mitochondria and upon addition of H2O2 oxidizes biotin-phenol to create 
biotin-phenoxyl radicals which bind nearby proteins.  Figure from (Rhee et al., 2013). 
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6.3 Developing tools for analysis of the secretome in Drosophila 
APEX has been shown to localize to the ER by engineering a genetic construct 
that begins with a secretion signal sequence (ss, IgK leader sequence - targets translation 
into the ER) and fuses the ER-retention signal, KDEL (Munro and Pelham, 1987), to the 
C-terminal end of APEX (Rhee et al., 2013). Horseradish peroxidase (HRP) can catalyze 
the same reaction as APEX with faster kinetics; however, it is only active in oxidizing 
conditions such as those found in the ER, golgi, and cell surface due to its inability to 
form disulfide bonds in a reducing environment (Lam et al., 2014). APEX lacks disulfide 
bonds and can be utilized in the reducing environments that HRP is unable to function in, 
such as the nucleus, cytosol, and mitochondria (Ting et al., 2016). For these reasons, we 
choose to use HRP over APEX. We cloned the ss-HRP-KDEL-V5 construct (gift from 
Alice Ting, (Rhee et al., 2013)) into a UASt vector (see section 2.14 for more detail on 
this method) (Figure 6.2). The UASt-ss-HRP-KDEL-V5 (referred to as UAS-HRP-KDEL 
from this point) construct was then injected into Drosophila (Genetivision) and 
incorporated into the fly genome by P-element transformation (Bachmann and Knust, 
2008).  
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Figure 6.2 Experimental design for isolation of secretome 
Diagram of protein biotinylation in the ER. By utilizing the GAL4/UAS system, UAS-
HRP-KDEL can be specifically expressed in only the stretch follicle cells or the follicle 
cells. HRP-KDEL is expressed in cells and localizes to the ER. Cells are incubated with 
biotin-phenol substrate and incubated with H2O2 for 1 minute. Proteins in the ER are 
labeled biotinylated and can be isolated by using streptavidin beads. Credit: Molecular 
cloning performed by Anthony Ortega and Chris Yuanhang Zhang. 
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6.4 Characterization of HRP-KDEL construct in Drosophila 
 We utilized the GAL4/UAS system to express HRP-KDEL in the main body 
follicle cells (GR1-GAL4 > UAS-HRP-KDEL) or in the stretch follicle cells (PG150-
GAL4 > UAS-HRP-KDEL). To confirm tissue specific expression, we used IHC to probe 
for the V5 epitope which HRP-KDEL is tagged with (Figure 6.3). As expected, HRP-
KDEL expression was restricted to either all follicle cells (GR1-GAL4) or only stretch 
follicle cells (PG150-GAL4). To determine if HRP-KDEL biotinylation was specific to 
the ER, we visualized biotinylated proteins in dissected ovaries from PG150-GAL4 > 
HRP-KDEL flies. We incubated ovaries in the biotin-phenol substrate (see section 2.13 
for methods) and initiated the reaction by addition of H2O2. We fixed the ovary tissue and 
probed for biotinylated proteins with a streptavidin-fluorophore and used a-V5 to 
determine HRP-KDEL localization. The biotinylated protein pattern is restricted to the 
stretch follicle cells and overlaps the HRP-KDEL localization (Figure 6.4).   
We next confirmed that HRP-KDEL activity was dependent on both the biotin-
phenol substrate and H2O2 by incubating ovaries with or without biotin-phenol and H2O2. 
We resolved the lysate by SDS-PAGE, transferred to a nitrocellulose membrane, and 
visualized biotinylated proteins with a streptavidin-HRP conjugate. As expected, we 
found many biotinylated proteins in both the GR1-GAL4 > UAS-HRP-KDEL and PG150-
GAL4 > UAS-HRP-KDEL samples dependent on both biotin-phenol and H2O2 (Figure 
6.5). Ovaries with only the UAS-HRP-KDEL construct and no GAL4 driver also 
exhibited some biotinylated proteins, likely because of leaky expression. Additionally, 
there are three endogenously biotinylated proteins in Drosophila (Acetyl-CoA 
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carboxylase, pyruvate carboxylase, and biotin carboxylase) (Ramirez et al., 2015). The 
most abundant endogenously biotinylated protein, pyruvate carboxylase, is apparent in all 
samples. We then isolated enriched biotinylated proteins from each sample by performing 
a pulldown with streptavidin beads (Figure 6.6).  
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Figure 6.3 – HRP-KDEL tissue specific expression 
(A) GR1-GAL4 > UAS-HRP-KDEL stage 8 egg chamber with a-V5 labeling HRP-
KDEL and DAPI staining. Main body follicle cells (arrows) and stretch follicle cells 
(arrowhead) express HRP-KDEL. (B) PG150-GAL4 > UAS-HRP-KDEL stage 10 egg 
chamber with a-V5 antibody labeling HRP-KDEL and DAPI. HRP-KDEL expression is 
confined to stretch follicle cells (arrowhead). 
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Figure 6.4 – HRP-KDEL tissue specific expression 
(A-D) PG150-GAL4 > UASt-HRP-KDEL-V5 stage 11 egg chamber with biotinylated 
proteins labeled (streptavidin-488, green), HRP-KDEL stained (a-V5, purple), and 
DAPI. (D) Protein biotinylation pattern is restricted to HRP-KDEL localization.  
Credit: Yuanhang Chris Zhang. 
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Figure 6.5 – Analysis of Biotinylated Proteins by western blot and Ponceau stain 
(Top) Western blot analysis of lysate (30 µg per lane) from ovaries (GR1 – GR1-GAL4 
flies, HRP-KDEL – UASt-HRP-KDEL-V5 flies, GR1>HRP-KDEL – GR1-GAL4; UASt-
HRP-KDEL-V5 flies, and PG150>HRP-KDEL – PG150-GAL4; UASt-HRP-KDEL-V5 
flies) incubated with or without substrate (biotin-phenol) and H2O2. GR1>HRP-KDEL 
and PG150>HRP-KDEL sample with both substrate and H2O2 have many biotinylated 
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proteins as detected by streptavidin-HRP. α-V5 staining confirms HRP-KDEL expression 
in ovary tissue. (Bottom) Ponceau stain shows protein in each lane was resolved and 
transferred.  
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Figure 6.6 – ER proteins before and after streptavidin bead enrichment 
Western blot probed with streptavidin-HRP. Biotinylated proteins before (I- input, 30 µg) 
and after (B-beads, all of eluted protein) streptavidin enrichment.    
  
155 
6.5 Identification of proteins enriched in the stretch follicle cells 
 We repeated our previous experiments and isolated fresh biotinylated proteins 
from a control sample (GR1-GAL4), two stretch follicle cell samples (PG150-GAL4 > 
UAS-HRP-KDEL), and two follicle cell samples (GR1-GAL4 > UAS-HRP-KDEL). Our 
collaborator, (Dr. Julian Kwan of Dr. Andrew Emili’s lab) performed on bead trypsin 
digestion and liquid chromatography-mass spectrometry (LC-MS/MS) to identify the 
proteins in each sample. Protein abundance was estimated by comparison of peak 
intensity between samples (Zhu et al., 2010). Across the five samples, 1,953 proteins 
were identified. To confirm enrichment of ER proteins the GR1-GAL4 > UAS-HRP-
KDEL dataset was compared to the GR1-GAL4 dataset using COMPLEAT (Protein 
COMPlex Enrichment Analysis Tool) (Vinayagam et al., 2013). Nine of the top ten 
enriched complexes are known ER protein complexes (Table 6.1).  
To determine which proteins were enriched in the stretch follicle cells, I used 
Python to average protein abundance of each of the experimental duplicates and 
subtracted the control for each individual protein. I then compared abundance of each 
individual protein from the averaged follicle cell sample to the averaged stretch follicle 
cell sample. These conditions resulted in 212 proteins enriched specifically in the stretch 
follicle cells compared to all follicle cells (Table 6.2). I further analyzed this set of 
proteins using the Gene List Annotation for Drosophila (GLAD) tool (Hu et al., 2015). 
GLAD analysis revealed 51 of these proteins were classified as secreted or 
transmembrane proteins (Table 6.3).  
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The goal of this project was to find enriched proteins in the stretch follicle cells 
that are likely driving nurse cell death. To test this, I performed a targeted RNAi screen 
by choosing ten genes from the enriched protein list (Table 6.2). I crossed each RNAi 
line to GR1-GAL4 with G89 (a GFP protein trap to positively mark egg chambers that 
have GR1-GAL4). I scored the persisting nuclei of each stage 14 egg chamber (Table 6.4, 
Figure 6.7). I found 2 RNAi lines with no phenotype, 1 RNAi line with a weak 
phenotype, 4 RNAi lines with a moderate phenotype, 2 RNAi lines with a strong 
phenotype, and 1 RNAi line with developmental defects (small dorsal appendages; Table 
6.4, Figure 6.8A-E). Furthermore, I used an enhancer trap for MRP to confirm 
enrichment in stretch follicle cells. The MRP enhancer trap was specifically enriched to 
the stretch follicle cells (Figure 6.8F).  Overall, this analysis suggests our secretome 
experiment has provided a candidate list of secreted and transmembrane stretch follicle 
cell proteins that are likely involved in orchestrating nurse cell death.   
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Protein Complex Name Complex ID 
Vitellogenesis FC3966 
ER-associated protein catabolic process FC2631 
Protein Folding FC5303 
ER-Localized multiprotein complex FC2948 
Prolyl 4-hydroxylase (alpha(II)-type) FC2814 
Cell Redox Homeostasis FC4341 
ER-Localized multiprotein complex FC2691 
Cell Redox Homeostasis FC4011 
Cell Redox Homeostasis FC6021 
Cell Redox Homeostasis FC4988 
Table 6.1 COMPLEAT analysis 
A table of the top ten enriched protein complexes in the GR1-GAL4 > UAS-HRP-KDEL 
dataset compared to the GR1-GAL4 dataset using COMPLEAT. Complexes in bold are 
ER-associated protein complexes.  
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Gene names 
SFC 
Enrichment 
(Log2 Ratio)  Gene names 
SFC  
Enrichment 
(Log2 Ratio) 
mRpS24 2  CG9253-RA 1.701703 
pit 2  CG12050-RB 1.6597325 
zpg 2  armi 1.64910428 
LBR 2  pix 1.63490605 
rpk 2  Vps29 1.56395847 
Apoltp 2  Ns1 1.52873537 
Mys45A 2  UFSP2 1.51238589 
CG5776 2  l(1)G0020 1.50512207 
Ccp84Ae 2  GC1 1.46361577 
Fatp 2  CG3098 1.45403619 
Rheb 2  Cyp6a19 1.4375739 
tkv 2  trmt10c 1.40511564 
CG4267 2  CG4364 1.37620372 
svr 2  Gem3 1.37332652 
CG18592 2  CG4712-RB 1.34207505 
CG5913 2  AGO2 1.33750734 
CG7194 2  Myt1 1.33271533 
mtSSB 2  CG1774 1.29077549 
BcDNA.GH04978 2  SP1029 1.28444336 
uex 2  CG11583 1.28249023 
CG12007 2  Ns2 1.27824494 
RIOK1 2  CG8064 1.26231192 
AIF 2  rept 1.16411734 
vig2;FDY 2  beta-Man 1.15930393 
mrj 2  Aats-met 1.09032875 
CG18528 2  SdhB;SdhBL 1.08643947 
mon2 2  CG8920-RC 1.08059319 
CG8306 2  CSN5 1.07012301 
ND-B14 2  CG13185 1.0612881 
CG8611 2  l(2)k09022 0.99095923 
CG2974 2  Osbp 0.97944001 
CG4161 2  CD98hc 0.94676819 
Dg 1.85338053  ck 0.88758566 
CG5728 1.7437026  CG9925 0.88220053 
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Gene names 
SFC 
Enrichment 
(Log2 Ratio)  Gene names 
SFC  
Enrichment 
(Log2 Ratio) 
ced-6;ced-6-RC 0.85561953  pn 0.47329164 
l(2)tid-RA;l(2)tid 0.81933417  RpLP0-like 0.44771927 
JhI-1 0.74771195  FeCh 0.44331764 
l(2)04524 0.7466166  RpI135 0.42871894 
Rfabg 0.73674057  CG3430 0.42665016 
C1GalTA 0.73219312  clos 0.41859771 
l(2)k09913 0.72654768  Gtp-bp 0.41166452 
pain 0.72549184  Usp10 0.40943639 
mgr 0.71739289  SdhC 0.40787657 
EG:87B1.3 0.71633214  Bruce 0.3977383 
RhoGAP92B 0.70329907  CG11089 0.3950918 
Ubr1;UBR1 0.69999091  gish 0.39246576 
CG12121 0.69268293  CG11436 0.3805197 
ens 0.69227645  ND-75;ND75 0.37740615 
cue 0.69091797  CG2691 0.37730096 
PMCA 0.67178536  CG32473 0.37408089 
CG6412 0.66537382  Ank 0.37368253 
Parp 0.65846616  CG4747 0.37097461 
OstStt3 0.64841759  Tpr2 0.3682745 
Dhx15 0.64602682  yl 0.36467607 
ssx 0.63943693  Arf102F 0.360933 
Der-2 0.63469019  CG10399 0.35509767 
Ip259 0.62737423  Tctp 0.35132257 
Rac1 0.6265533  CG31869-RB 0.34534971 
AP-2sigma 0.61445282  Ns3 0.34249069 
csul 0.60772954  Srp72 0.34143437 
CG11779-RB 0.57165165  bgm 0.34044284 
RNaseX25 0.55400486  EfTuM 0.33835761 
RpS25 0.53439328  Dref 0.33594256 
Arf79F 0.51089135  CG13671 0.32312489 
CG9934 0.50850893  CG4619 0.31601091 
CG18088-RA 0.50476015  CG12499 0.31395704 
Kap-alpha1 0.48579837  CG11964 0.31275962 
eIF2B-alpha 0.47583969  CG1104 0.30605936 
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Gene names 
SFC 
Enrichment 
(Log2 Ratio)  Gene names 
SFC  
Enrichment 
(Log2 Ratio) 
CG6327 0.29576676  Gabat 0.13934451 
CG2493 0.29211946  RpL12 0.13861967 
Acph-1 0.28281334  mdy 0.12574122 
BG:DS01523.2 0.28068262  GAA1 0.12407107 
mago 0.2757198  Kr-h2 0.12213127 
l(3)72Dn 0.27571605  eIF3-S5-1 0.12162548 
oxt 0.27490196  Gfat2 0.120706 
nop5 0.27342771  Mulk 0.11743954 
nec 0.26276933  hpo 0.11572443 
ND-SGDH 0.26250179  EG:65F1.1 0.10855299 
Gasz 0.2546935  CG12304 0.10820959 
HBS1 0.24615208  Ced-12 0.10804281 
rb 0.24561935  mtTFB1 0.09809394 
Surf4 0.23567717  MRP 0.09749183 
RpL22 0.2342242  otu 0.09268081 
rdog 0.23122167  CG5290-RA 0.08792858 
fu12 0.22154632  DNApol-alpha180 0.08133229 
Adh 0.21535922  Scsalpha 0.08046437 
fon 0.21190118  CG5167 0.07994063 
nmd 0.20879994  BcDNA.GH11023 0.07993722 
CG34348 0.19480428  betaGlu 0.07910349 
RpL17 0.19189644  CG7011 0.07891027 
RpL32 0.18910144  CG14407 0.07762858 
Rab14 0.18880208  ATPsyn-gamma 0.07638424 
piwi 0.18768179  CG13890 0.07015967 
Ppat-Dpck 0.18674727  Vps26 0.06595066 
CG7834 0.18585866  Mtpalpha 0.06564443 
AP-1gamma 0.17397203  mRpL39 0.0593146 
Lsp2 0.17339652  Cam 0.0575512 
mTTF 0.16845162  His3 0.04914793 
CG2604 0.16540408  fs(1)N 0.04887331 
Non1;CG8801 0.16450398  CG1637 0.04660785 
Jafrac1 0.1493424  Galk 0.04611249 
Tor 0.14051812  CG9132 0.04477169 
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Gene names 
SFC 
Enrichment 
(Log2 Ratio)    
CG5973 0.04081901    
ics 0.03830394    
brm 0.03683147    
Cpr 0.02761309    
Nmdmc 0.02487351    
CkIalpha 0.01899613    
Jheh1 0.01336515    
Yp3 0.0018749    
 
Table 6.2 List of proteins that were enriched in the stretch follicle cell secretome 
212 proteins were enriched in the stretch follicle cell secretome in comparison to the 
follicle cell secretome.  
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Gene 
Symbol Group  
Gene 
Symbol Group 
Apoltp Secreted proteins  fu12 Transmembrane proteins 
CG4267 Secreted proteins  GAA1 Transmembrane proteins 
fs(1)N Secreted proteins  GC1 Transmembrane proteins 
Lsp2 Secreted proteins  ics Transmembrane proteins 
Rfabg Secreted proteins  Jheh1 Transmembrane proteins 
RNaseX25 Secreted proteins  Kap-alpha1 Transmembrane proteins 
Yp3 Secreted proteins  Kr-h2 Transmembrane proteins 
Acph-1 Transmembrane proteins  l(2)k09913 Transmembrane proteins 
AIF Transmembrane proteins  LBR Transmembrane proteins 
C1GalTA Transmembrane proteins  mdy Transmembrane proteins 
CD98hc Transmembrane proteins  MRP Transmembrane proteins 
CG12121 Transmembrane proteins  ND-SGDH Transmembrane proteins 
CG2604 Transmembrane proteins  OstStt3 Transmembrane proteins 
CG34348 Transmembrane proteins  oxt Transmembrane proteins 
CG4267 Transmembrane proteins  pain Transmembrane proteins 
CG5167 Transmembrane proteins  PMCA Transmembrane proteins 
CG6327 Transmembrane proteins  Rfabg Transmembrane proteins 
CG7011 Transmembrane proteins  rpk Transmembrane proteins 
CG8306 Transmembrane proteins  SdhC Transmembrane proteins 
Cpr Transmembrane proteins  Surf4 Transmembrane proteins 
cue Transmembrane proteins  svr Transmembrane proteins 
Cyp6a19 Transmembrane proteins  tkv Transmembrane proteins 
Der-2 Transmembrane proteins  uex Transmembrane proteins 
Dg Transmembrane proteins  yl Transmembrane proteins 
EG:65F1.1 Transmembrane proteins  zpg Transmembrane proteins 
Fatp Transmembrane proteins    
Table 6.3 Enriched transmembrane or secreted protein in stretch follicle cells 
A list of transmembrane proteins and secreted proteins that were enriched in the stretch 
follicle cells.  
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Stocks Gene Phenotype 
BL 64613 Cyp6a19 None 
BL 44487 Svr None 
BL 57728 Fu12 Weak 
BL 51445 Spn27A Moderate 
BL 57505 Lsp2 Moderate 
BL 35312 Myt1 Moderate 
BL 41642 CG31759 Moderate 
BL 32332 CG4267 Strong 
BL 36875 Cue Strong 
BL 31572 PMCA Short Dorsal Appendages 
 
None 0-10% Stage 14 Egg Chambers have >4PN 
Weak 10-25% Stage 14 Egg Chambers have >4PN 
Moderate 25-50% Stage 14 Egg Chambers have >4PN 
Strong 50-75% Stage 14 Egg Chambers have >4PN 
Very Strong 75-100% Stage 14 Egg Chambers have >4PN 
Other   
 
Table 6.4 RNAi candidate screen of pro-death genes 
RNAi for enriched stretch follicle cell proteins were crossed to GR1-GAL4, G89 (protein 
trap to label egg chambers that also have GR1-GAL4). Persisting nuclei were counted in 
stage 14 egg chambers.  
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Figure 6.7 – Validation of Secretome Proteins 
Quantification of persisting NC nuclei remaining in stage 14 egg chambers (from 15 NCs 
per egg chamber) from flies with GR1-GAL4 (FC) driving expression of the RNAi of 
interest. FC>PMCARNAi n = 28, FC> Cypa16RNAi n=17, FC>SvrRNAi n=32, 
FC>Agpat2RNAi n=15, FC>Spn27RNAi n=26, FC>LSP2RNAi n=30, FC>Mgt1RNAi n=41, 
FC>CG31759RNAi n=51, FC>CG4267RNAi n=7, FC>CueRNAi n=34.  
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Figure 6.8 Analysis of candidate pro-death genes  
(A-C) GR1-GAL4, G89 (FC) crossed to RNAi indicated in each figure. Stage 14 egg 
chambers stained with DAPI. Persisting nuclei are apparent in egg chambers (arrows). 
(D-E) Bright field microscopy of stage 14 egg chambers. (D) Fully formed dorsal 
appendage in control stage 14 egg chamber (arrowhead). (E) Short dorsal appendages in 
GR1-GAL4, G89 (FC)>PMCARNAi stage 14 egg chamber. (F) Ovaries from MRP-GFP 
(green) flies. MRP-GFP is enriched in stretch follicle cells (arrow). 
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6.6 Discussion 
 Proximity-dependent protein labeling with APEX has been performed in 
Drosophila (Chen et al., 2015),  but this is the first use of proximity-dependent protein 
labeling with HRP in vivo and to determine the secretome (Kim and Roux, 2016). 
Additionally, secretome studies in vitro commonly collect the supernatant of cells and 
secretome studies in vivo collect body fluids such as blood, urine, or cerebral spinal fluid 
(Brown et al., 2012). Similarly, the only other secretome study in Drosophila was 
performed by isolating and identifying proteins from the hemolymph (Vierstraete et al., 
2004). We have demonstrated that HRP-KDEL can be used to biotinylate ER proteins 
which can then be isolated and identified by mass spectrometry. This is an important 
development to the field as it can be performed in vivo and is cell type specific. 
Our aim in this study was to uncover a candidate list of transmembrane and 
secreted proteins that are enriched in the stretch follicle cells, which are likely to 
contribute to nurse cell elimination. To minimize false positives, we were stringent in the 
conditions we choose to eliminate proteins in each sample. Additionally, the ideal control 
for this experiment would have been to perform proximity-dependent protein labeling in 
the cytoplasm (Hung et al., 2016). Due to technical limitations (HRP is inactive in the 
cytoplasm and an additional construct would have needed to have been created) we 
elected to use whole ovary protein without peroxidase labeling as a control. Moreover it 
is recommended that quantitative proteomics (using iTRAQ, SILAC, or TMT) is 
performed over spectral counting in order to increase the accuracy of protein abundance 
(Hung et al., 2016; Rees et al., 2015). Although it is important to note our goal was not to 
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identify every protein in the ER, but instead to identify novel targets with the caveat that 
proteins that are less abundant are likely missed. Our target validation strategy is efficient 
and quick, allowing for verification of the localization or requirement of each of these 
proteins. Overall, this approach has uncovered novel proteins that are likely involved in 
regulating nurse cell elimination.   
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CHAPTER SEVEN 
 The work in this dissertation characterizes a developmental non-apoptotic form of 
cell death. In this chapter I will summarize the important contributions of our work to 
understanding the mechanisms utilized by cells to induce an alternative type of cell death. 
Additionally, I will highlight questions that remain and propose future directions that will 
continue to uncover regulation of non-apoptotic cell death. 
 
7.1 Summary of findings: Stretch follicle cells utilize phagocytosis machinery to 
promote nurse cell death by phagoptosis 
 At the end of Drosophila oogenesis, 15 germline-derived nurse cells die and are 
cleared during the production of every egg. The death and removal of these cells is 
important to organism health, as disruptions in this process can lead to an accumulation 
of these cells and an overall decrease in fecundity (egg laying) (Timmons et al., 2016). 
Nurse cell death was highlighted in 1935 as “mere remnants in a state of degeneration” 
by late oogenesis (Snodgrass, 1935). Over nearly the next century, the mechanisms 
controlling nurse cell death remained elusive and mistaken for apoptotic cell death. 
Peterson et al. demonstrated that apoptosis and autophagy did not play a significant role 
in nurse cell death (Peterson and McCall, 2013); however, the mechanism of death 
remained elusive. 
 In chapter 3, I describe the contributions we made to uncover the non-autonomous 
nature of nurse cell death. We genetically ablated the surrounding stretch follicle cells 
and observed nearly a complete inhibition of nurse cell death and clearance. We found 
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that stretch follicle cells were required for all of the major events of nurse cell death; 
nurse cells failed to dump cytoplasm, did not become acidified, and DNA remained 
intact. Furthermore, we identified phagocytic genes (draper and Ced-12) that are required 
in stretch follicle cells for the death of the nurse cells. Interestingly, disrupting these 
phagocytic genes also inhibited nurse cell acidification and the presence of acidic vesicles 
within the stretch follicle cells. Timmons et al. probed the JNK pathway and determined 
that Ced-12 acted upstream to activate the JNK pathway which promoted the enrichment 
of Draper at the stretch follicle cell membrane (Timmons et al., 2016). Egg chambers 
with draper completely knocked out did not have as severe a phenotype as the genetic 
ablation of stretch follicle cells, suggesting another receptor may be involved. We 
investigated the integrin αPS3, as a possible receptor that acted in parallel with draper. 
We found that the draper αPS3 double mutant indeed had a more severe phenotype than 
either alone, suggesting that they work in parallel. Finally, we performed a targeted RNAi 
screen and identified lysosomal and intracellular trafficking genes that were required for 
nurse cell elimination. Overall the work shown here identifies the non-autonomous 
contribution of the stretch follicle cells to nurse cell death and begins to uncover the 
mechanism by which the stretch follicle cells drive nurse cell death.   
 
7.2 Open questions and future directions 
In C. elegans it is estimated up to 50% of germ cells die by apoptosis; it has been 
suggested these germ cells act as nurse cells to support the oocytes that survive 
(Gumienny et al., 1999). Moreover these dying germ cells dump their cytoplasmic 
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contents, condense, undergo apoptosis, and are phagocytosed by the surrounding somatic 
sheath cells (Raiders et al., 2018).  Blocking germ cell death in C. elegans by knocking 
out apoptosis machinery leads to adult hermaphrodites with two or fewer fully developed 
oocytes opposed to a wild-type hermaphrodite that contain over a dozen fully developed 
oocytes (Gumienny et al., 1999). Similarly, blocking nurse cell death in Drosophila leads 
to a decrease in fecundity (Timmons et al., 2016).  
 Interestingly, evidence of germ cell death has been found in organisms ranging 
from Hydra to humans (Baker, 1963; Miller et al., 2000). Germline cell death has been 
characterized in many insects ranging from honey bees to beetles (Hartfelder et al., 2006; 
Mpakou et al., 2011). The purpose of such a high degree of germ cell death is unknown. 
In Drosophila, the nurse cells support the oocyte throughout oogenesis, but in other 
organisms it is hypothesized that it occurs to weed out defective germ cells (Tilly, 2001). 
Recent work from Raiders et al. has demonstrated that in C. elegans all defective 
binucleate germ cells die; however, only between 20-30% of apoptotic germ cells were 
binucleate (Raiders et al., 2018). Further work understanding the selection process for 
death and negative consequences of persisting germ cells on the organism is necessary. 
 Another open question is determining how draper, an engulfment receptor, is 
capable of so many diverse roles. For example, starvation-induced death in mid-
oogenesis, relies on draper in the follicle cells to engulf the dying germline material, as 
blocking draper will interrupt engulfment (Etchegaray et al., 2012). Alternatively, in late 
oogenesis there is no evidence of engulfment, but draper is required for nurse cell 
acidification (Timmons et al., 2016). draper is required to regulate autophagic 
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degradation of the salivary gland and blocking the only known Draper ligand, 
Pretaporter, does not inhibit salivary gland degradation (Lin et al., 2017; McPhee et al., 
2010). However, loss of pretaporter does lead to a persistence of apoptotic cells in 
embryos (Kuraishi et al., 2009). Importantly, recent work has suggested macroglobulin 
complement-related (a complement ortholog) may signal through Draper to drive salivary 
gland degradation, but a direct interaction was not investigated (Lin et al., 2017).  
 The three different draper isoforms likely are responsible for the difference in 
function. In the Drosophila brain, Draper-I has been shown to promote engulfment of 
axonal debris whereas Draper-II inhibited engulfment and the role of Draper-III remains 
unclear (Logan et al., 2012). Studying the role of each individual isoform is difficult and 
this should be done in a draper null mutant so endogenous levels of Draper do not 
confound the results. Further work to understand the function of each individual Draper 
isoform is necessary as well as uncovering the ligand(s) and exploring their function. 
 
7.3 Summary of findings: Lysosomal machinery drives extracellular acidification 
to direct nurse cell phagoptosis 
 As described in chapter 3, we identified phagocytic machinery required for nurse 
cell death and uncovered the importance of stretch follicle cells in nurse cell death; 
however, the exact mechanism utilized by the stretch follicle cells to execute nurse cell 
death was not understood. We did observe an absence of stretch follicle cell LysoTracker 
vesicles when phagocytic machinery was disrupted and a failure of nurse cell 
acidification. Additionally, disruption of lysosomal and intracellular trafficking genes by 
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RNAi blocked nurse cell elimination. With these considerations, we decided to further 
investigate the role of lysosomes in nurse cell death. 
 In chapters 4 and 5, I outline our contributions towards identifying the mechanism 
the stretch follicle cells utilize to eliminate the nurse cells. We decided to closely 
examine nurse cell acidification as we hypothesized it was one of the major contributing 
factors to nurse cell death. We utilized live imaging techniques to image egg chambers ex 
vivo while the nurse cells became acidified and began to die. Analysis through live-
imaging highlighted an accumulation of LysoTracker vesicles in stretch follicle cells 
surrounding nurse cells immediately before nurse cell acidification. The LysoTracker 
vesicles were not trafficked away from the nurse cells as phagocytosed material would be 
and did not appear to be exocytosed; instead, the LysoTracker vesicles appeared to 
bounce around the stretch follicle cell plasma membrane, nearest the nurse cell that was 
becoming acidified. We developed an engulfment detector, pHRed, to characterize nurse 
cell acidification. pHRed detection in nurse cell death had a distinctive pattern unlike 
cells undergoing apoptosis. The nurse cells were not engulfed piece-wise and acidified, 
but instead were acidified whole extracellularly.  
To obtain further insight into the role of lysosomes in nurse cell death, we 
performed a RNAi screen of lysosome-associated genes in stretch follicle cells. We 
uncovered the requirement for V-ATPases, cathepsins, and Mitf in nurse cell death. We 
further investigated the role of V-ATPases and cathepsins using antibodies, enhancer 
traps, and protein traps. We discovered that V-ATPases became enriched and localized to 
the stretch follicle cell membrane that surrounded nurse cells that were becoming 
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acidified. Additionally, we found that cathepsins were secreted from the stretch follicle 
cells to degrade the nurse cells. We noted the similarities between osteoclast degradation 
of bone and nurse cell degradation and found the CLCN7 Drosophila ortholog (ClC-b) 
was also enriched and localized to the plasma membrane as nurse cells are acidified. 
Finally, we disrupted SNARE proteins associated with exocytosis and found they were 
required for cathepsin release and nurse cell clearance. Overall, this work identifies a 
novel use of lysosomal proteins to eliminate a nearby cell.  
 
7.4 Open questions and future directions 
A major open question is – how are V-ATPases directed to the plasma 
membrane? V-ATPases are studied heavily in yeast as each subunit is only encoded by a 
single gene, except for the “a” subunit which is encoded by two genes. Analysis of 
chimeras and truncations revealed that the N-terminal domain of the “a” subunit 
controlled localization of V-ATPases to lysosomes or the plasma membrane in yeast 
(Kawasaki-Nishi et al., 2001). In humans, there are four isoforms of subunit a; a3 (also 
known as TCIRG1) and a4 are associated with plasma membrane localization (Toei et al., 
2010). Drosophila have five isoforms of subunit a, and only Vha100-2 is suspected to 
associate with the plasma membrane (Allan et al., 2005). Unlike yeast, Drosophila and 
humans have many other isoforms of other subunits, many of which are tissue specific 
(Allan et al., 2005; Toei et al., 2010).  
Understanding V-ATPase trafficking to the plasma membrane in invasive cancers 
could lead to a new class of anti-cancer therapeutics (Stransky et al., 2016). Collins et al. 
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demonstrated that MDA-MB231 human breast cancer cells are highly invasive, but the 
invasiveness of these cells can be significantly inhibited by administering a V-ATPase 
inhibitor. Additionally, knockdowns of either the a3 or a4 subunit similarly reduced 
MDA-MB231 invasiveness (Hinton et al., 2009). Overexpression of a3 alone was 
sufficient to recruit V-ATPases to the plasma membrane and increase invasiveness of the 
normally non-invasive MCF10CA1a breast cancer cell line (Capecci and Forgac, 2013). 
While the a3 and a4 subunits have been shown to control localization in many invasive 
cancer cell lines, other subunits have been implicated in increasing tumor grade or 
invasiveness (Stransky et al., 2016). For example, in Drosophila, overexpression of 
subunit C alone promotes an invasive epithelial cell overgrowth in the wing disc 
(Petzoldt et al., 2013). Overall, the individual contribution of specific V-ATPase isoforms 
is poorly understood. This problem is compounded by the fact that most studies only 
characterize a few subunits, thus leaving open the question of what other subunits may 
contribute to the phenotype being studied (Stransky et al., 2016).  
In Chapter 4, we inhibited cathepsin release by knocking down two SNARE 
proteins associated with exocytosis. An important question is whether cathepsins are 
trafficked directly from the golgi and secreted or if entire lysosomes are fusing with the 
plasma membrane to release lysosomal hydrolases. Our LAMP-1 staining suggests that 
lysosomes are not fusing with the plasma membrane. Additionally, previous work in HT 
1080 human fibrosarcoma cells has demonstrated that cathepsin L is secreted directly, 
bypassing the lysosome (Hashimoto et al., 2015). Further studies determining cathepsin 
trafficking and the mechanism to promote cathepsin release should be performed. 
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Specifically, it is important to know whether extracellular acidification is required or 
sufficient to promote cathepsin release. Some in vitro reports suggest extracellular 
acidification alone is sufficient to promote the release of active cathepsins (Achour et al., 
2016; Gao et al., 2015).  
 Another important question is - what classifies a cell as dead? As we have 
demonstrated in Chapter 3, ablation of stretch follicle cells blocks nurse cell dumping, 
acidification, and DNA fragmentation. Only nurse cell acidification and DNA 
fragmentation is blocked in draper mutants (Timmons et al., 2016). The Nomenclature 
Committee on Cell Death has defined cell death as a cell with irreversible plasma 
membrane permeability and cellular fragmentation (Galluzzi et al., 2015, 2018). We have 
not closely analyzed nurse cell plasma membrane integrity in mutants; however, in 
normal stage 13 egg chambers, some nurse cell plasma membrane is still detected (data 
not shown and (Timmons, 2015)). A more definitive experiment would be to determine if 
the persisting nurse cells in draper mutants are functionally active; for example, testing 
persisting nuclei for transcription or translation. Testing for transcription could be 
performed by incubating cells in a uracil derivative (fluorouracil; 5-FU), which becomes 
incorporated into nascent RNA and could be stained and examined by IHC (So et al., 
2010).  
 
7.5 Summary of findings: Identifying pro-death signaling molecules in phagoptosis 
In the Drosophila ovary, nurse cell death and removal is dependent on the 
surrounding stretch follicle cells (chapter 3). In previous chapters, we have shown that 
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nurse cells fail to dump their cytoplasm, become acidified, or undergo DNA 
fragmentation when stretch follicle cells are genetically ablated. Additionally, we have 
uncovered phagocytosis and lysosomal machinery required in the stretch follicle cells for 
the removal of the nurse cells; however, we hypothesized that other signaling molecules 
and other proteins are involved in orchestrating nurse cell death. In order to determine 
what other proteins are being secreted by the stretch follicle cells to communicate or 
promote nurse cell death we isolated the stretch follicle cell secretome.  
 In chapter 6, we uncover and begin to characterize the stretch follicle cell 
secretome by developing a novel strategy to isolate the secretome from cells in vivo. To 
identify the secretome, we generated transgenic flies that express HRP-KDEL (a 
peroxidase used for protein labeling experiments) under UAS control. We confirmed the 
tissue specific expression of HRP-KDEL by utilizing tissue specific GAL4 drivers 
(follicle cells and stretch follicle cells) and antibodies to label HRP-KDEL localization. 
HRP is an enzyme that creates biotin-phenoxyl radicals; thus when localized to the ER 
with the KDEL retention signal, the biotin-phenoxyl radicals would label nearby proteins 
in the ER. We tested whether biotinylated proteins were restricted to HRP-KDEL 
localization and used antibody staining to verify biotinylated proteins overlapped the 
HRP-KDEL staining pattern. We next analyzed biotinylated proteins with and without 
the biotin phenol (substrate) and H2O2 (initiates the reaction). Our western blots 
confirmed that biotinylated proteins were only present if both biotin-phenol and H2O2 
were present. We isolated biotinylated proteins from whole ovary samples by using 
streptavidin beads to pull-down biotinylated proteins.  
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 Our collaborator (Dr. Andrew Emili’s lab; Dr. Julian Kwan) identified the 
proteins in each of the samples. Analysis of the proteins in each sample revealed 
enrichment of 128 proteins in stretch follicle cells. Specifically, 25 are transmembrane or 
secreted proteins. This provides an excellent candidate hit list of proteins that may be 
involved in nurse cell elimination.  
 
7.6 Open questions and future directions 
 The secretome analysis has provided a promising list of candidate pro-death 
proteins; however, we were surprised our technique did not identify Draper. Our lab has 
shown that Draper is specifically enriched in the stretch follicle cells during late 
oogenesis (Timmons et al., 2016). Encouragingly, we did detect Vha100-2 in one of the 
stretch follicle cell replicates (data not shown). An interesting possibility is that Draper is 
enriched and targeted to the plasma membrane quickly in stage 11 or 12. Our technique is 
unique in that it provides a specific snapshot in time. Slower labeling techniques that will 
biotinylate proteins slowly over time would be better suited to discover everything that is 
trafficked through the ER over a longer amount of time.  
 BioID is a similar labeling tool, although it labels proteins over a 15-24 hour 
period and only requires biotin supplementation (Roux et al., 2012). Unfortunately, 
BioID was not an optimal choice for use in Drosophila due to reduced activity at 
temperatures below 37°C (Kim and Roux, 2016). Branon et al. have recently developed a 
new labeling tool based on BioID called TurboID which has successfully been used in 
flies. Supplementing fly food with biotin is sufficient to promote the biotinylation 
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reaction (Branon et al., 2018). TurboID localized to the ER of stretch follicle cells would 
provide a more comprehensive list of secreted and transmembrane proteins, even if they 
are transiently expressed only in stretch follicle cells in certain stages. 
 Altogether, proximity-dependent protein labeling has become a powerful 
technique that can be utilized to answer a variety of biological questions. For example, 
HRP-KDEL could be utilized to better characterize the secretome of cancer cells which 
could help to identify biomarkers (Pavlou and Diamandis, 2010).  Alternatively, 
proteomic-labeling techniques can be used to answer entirely different questions. For 
example, Myers et al. have recently fused a dead RNA-guided nuclease to APEX (dCas9-
APEX; Caspex). The addition of guide RNA targeted Caspex to a genomic locus and the 
proteome of that specific locus was characterized (Myers et al., 2018). To study RNA 
localization, Kaewsapsak et al. combined APEX protein labeling and RNA 
immunoprecipitation to create APEX-RIP. APEX was used to biotinylate proteins in 
different cellular locations (ER, nucleus, cytoplasm) and protein-RNA crosslinking 
induced by formaldehyde. Biotinylated proteins from different cellular localizations were 
pulled down, and RNA attached to the protein was analyzed by RNA-Seq to provide 
subcellular localization of RNA.  
 Overall, we have characterized the role of stretch follicle cells in nurse cell death. 
Importantly, we show a novel use of lysosome-associated genes in promoting death of a 
neighboring cell. Specifically, we identified V-ATPases and cathepsins as the main 
driving force of nurse cell acidification, death, and clearance. To uncover other pro-death 
proteins, we modified an existing technique for an untested application and successfully 
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identified candidate proteins. Nurse cell death was first mentioned in 1935 (Snodgrass, 
1935); however, the mechanism of nurse cell death continues to remain an important 
topic of research. It has become apparent that new techniques, such as the use of HRP-
KDEL, must be used to understand how nurse cells die and determine the contribution of 
lysosome-associated proteins
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